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SUMMARY 
 
Vanadium has a widespread environmental distribution and originates from natural and 
anthropogenic sources. In recent years, concentrations of V in environmental matrices have 
increased due to an increased consumption of V in industrial activities. The bulk of 
anthropogenic V derives from the burning of fossil fuel products (petroleum, coal, and oil) and 
industrial wastes including fly ash, bottom ash, slag heaps, mining tailings, oil residuals, and 
municipal sewage sludge. Anthropogenic emissions of V to the atmosphere exceed natural 
sources by a factor of 1.7 at present and are destined to rise significantly. With the frequency 
of reporting of V contamination issues in soils and plant communities starting to rise, there is 
a pressing need to understand the effects of V effects on plants and the toxicity mechanisms 
involved.  
Trace concentrations of V have been reported to be beneficial to plant growth while higher V 
concentrations are toxic. Vanadium toxicity in plants has been well demonstrated in solution 
culture. Close interactions between V and soil nutrients; esp. Ca, Fe, P, Mg, N have been 
reported during V uptake and redistribution in plants but with inconsistent results reported. In 
this thesis, I focussed on understanding V toxicity mechanisms in plants by investigating the 
impacts nutrients on V dynamics in plants as well as investigating the effect of V on the legume 
and rhizobia symbiosis. Six major experiments were designed to investigate V uptake, 
translocation and bioaccumulation processes in plants and to understand the impacts of P, Mg, 
Ca, Fe on V in Triticum aestivum L. cv. Spitfire (wheat) and Phaseolus vulgaris L. cv.  Bean 
Bush Blue Lake) (common bean) and V dynamics in common bean inoculated with Rhizobium 
leguminosarum biovar phaseoli (strain CC 511).  
The initial rate trial experiment was aimed at understanding how vanadate [V (V)] supplied at 
concentration ranging from 8 to 512 µM affected tissue biomasses, and tissue concentrations 
of V, P, Ca and Fe in wheat and common beans using chelator buffered nutrient solutions. 
Ecotoxicological threshold values (effective concentrations for a 10% decrease in biomass, 
EC10) demonstrated that common bean was more sensitive to V in solution and tissue than 
wheat [EC10 in solution (µM) wheat: shoots 98 and roots 177; common bean: shoots 3 and 
shoots 6 and EC10 in tissue (mg/kg) wheat: shoots 36 and roots 3460; common bean: shoots 
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4.0 and shoots 2.5]. Statistically significant (P<0.05) interactions between solution V and tissue 
V concentrations and tissue nutrient concentrations were identified, mainly for Ca and Fe. 
Further investigations were conducted to understand V and Ca and V and Fe interactions using 
factorial experiments using 3 concentrations of V and 3 or 2 concentrations of Ca and Fe 
respectively. Vanadium effects on tissue Ca concentrations were not consistent and increasing 
Ca concentrations did not alleviate V toxicity.  Results showed that vanadate was associated 
with increased exudation of phytosiderophores (PS) under both Fe deficient and Fe sufficient 
conditions and that 100 µM V in solution, under Fe sufficient conditions, enhanced tissue Fe 
nutrition and tissue biomass production in wheat in comparison to 0 µM V control treatments. 
Fe deficiency induced phytosiderophores release was independent of V induced PS release in 
wheat. This is the first time in the published literature that V induced root exudation of 
phytosiderophore has been demonstrated. The physiological mechanisms of the higher Fe 
translocation induced by V remains to be confirmed. Iron acquisition by phytosiderophores 
appeared to contribute to V tolerance in wheat in comparison to common bean which makes 
sense given the different iron acquisition strategies of the two species.  
A further experiment demonstrated that V had a significant effect on the common bean and 
rhizobia symbiosis.  For the first time in the literature, it was shown that V was detrimental to 
the legume-rhizobium symbiosis in root nodules. Vanadium increased the time to initiation of 
the first nodule, the total number of mature nodules and the % of active nodules. Vanadium 
significantly reduced rhizobia associated enhancement of root tissue N concentration in 
common bean and the damage increased as the solution V concentration increased from 25 µM 
to 100.  Rhizobial inoculation increased the toxicity of V to common bean by increasing V 
uptake in roots and translocation to the shoots causing significant biomass reductions in 
common bean which could also lead to biomagnification of V along food chains.  
Finally, synchrotron-based X-ray Absorption Spectroscopy (XAS) was used to investigate how 
speciation of V(V) and V(IV) changed during uptake into roots, how the Ca concentration in 
the nutrient supply influenced V speciation and subsequent V accumulation in wheat and 
common bean in situ, which had not been examined previously. Results demonstrated that 
V(V) was preferentially taken up by plant roots compared to V(IV), with V(V) also having a 
greater toxicity to the plant roots. Vanadium speciation within root tissue of the two plant 
species differed considerably, with all V(V) being reduced to V(IV) in common bean while the 
majority of the V was also reduced to V(IV) in wheat although some remained as V(V). The 
 3 
 
majority of V (IV) occurred as uncompleted VO2+ while some V(IV) was bound to organic 
acids and antioxidants providing the first evidence for such compounds playing a role in V(V) 
detoxification.  Given the lower toxicity of V(IV) in comparison to V(V), reduction appeared 
to be an effective V(V) detoxification strategy used by both species. Changes in Ca 
concentration did not affect V speciation in the root tissue confirming the findings of 
Experiment 3. The formation of a precipitate with CaVO3 was precluded to be the dominant 
mechanism that enabled V(V) tolerance differences between species even when plants had 
greater access to Ca. The next stage for understanding changes in V speciation during uptake 
and translocation is to investigate subcellular localisation of V species. 
The findings of this study have advanced the knowledge of V toxicity mechanisms in plants 
and shown future directions for V toxicity research in plants. 
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       CHAPTER 1  
1. INTRODUCTION 
 
1.1 Introduction and problem statement 
Vanadium (V) is widely distributed in nature and occurs in soil, water, air, micro-organisms, 
plants and animals. It is ranked the 22nd most abundant element in the earth’s crust (Fortoul et 
al., 2014) and has many uses in industry. As a result of increasing usage, the release of V into 
the environment as a contaminant is of increasing concern (Schlesinger et al., 2017). Vanadium 
toxicity has been observed in plants growing close to V mines and smelting areas, industrial 
plants burning V-rich fossil fuels and urban parks (Panichev et al., 2006; Teng et al., 2011; 
Xiao et al., 2015; Yang et al., 2014). Studies highlight the importance of a greater 
understanding of V toxicity mechanisms in plants which can be used to towards improved 
management of V toxicity in plants.  
 
Vanadium toxicity in plants under field conditions has been observed as an overall reduction 
in growth yield. Vanadium induced yield losses may be present more frequently than is thought 
due to lack of knowledge about V toxicity. Little is known about vanadium toxicity 
mechanisms in plants. Many studies have evaluated the amount of V taken up by different plant 
parts and observed plant morphological responses to V toxicity (Hara et al., 1976; Kaplan et 
al., 1990; Saco et al., 2012; Vachirapatama et al., 2011; Wang and Liu, 1999). A few studies 
have examined soil nutrient effects on V uptake in plants (Olness et al., 2002; Olness et al., 
2005b; Olness et al., 2000).  More recently, some work has been focussed on understanding 
antioxidant response of plants to V toxicity (Abedini et al., 2018; Imtiaz et al., 2015b) while a 
few other experiments have been conducted to understand ultrastructural changes caused by V 
in plants (Saco et al., 2012). However, only a handful of studies have examined the mechanisms 
of V uptake and translocation (Morrell et al., 1986; Tian et al., 2014; Welch, 1973; Yang and 
Tang, 2015). Little is known about V effects on nutrient dynamics in plants, physiological 
responses of plants to V toxicity, changes of V speciation during uptake and translocation, plant 
tolerance mechanisms (e.g. detoxification) and the role of plant species selection in V toxicity. 
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Growth stimulatory effects of V (e.g. increased chlorophyll pigments, increased growth 
parameters, and increased nutrition) have been observed by  a few researchers particularly at 
low V concentrations (< 5 µM) (Basiouny, 1984; Garcia-Jimenez et al., 2018; Welch and 
Huffman, 1973) but Martin and Saco (1995) noticed dry weight accumulation in shoots and 
roots of Phaseolus vulgaris L. seedlings exposed to 80 µM. V lead to The mechanisms behind 
growth stimulatory responses are yet to be determined.  Therefore, V toxicity responses need 
to be studied over a wide range of solution V concentrations to understand the growth 
stimulatory responses and toxic responses. Changes in growth response and nutrient uptake 
and translocation patterns might provide a better understanding of such varied responses.    
However, interactions between V and soil nutrients; esp. Ca, Fe, P and Mg have been proposed 
during V uptake and translocation in plants (Cannon, 1963; Imtiaz et al., 2017; Olness et al., 
2005b).  There is no clear understanding of how V toxicity results from interactions of V with 
plant nutrients.  
Close interactions between tissue V and Ca concentrations in plants have been observed 
previously (Cannon, 1963; Kaplan et al., 1990; Olness et al., 2005b; Wallace et al., 1977; 
Wilkinson and Duncan, 1993). Cannon (1963) attributed this response to the precipitation of 
V as calcium vanadate in plant roots.  Kaplan et al. (1990) noticed that V and Ca were co-
located with high concentrations of both elements in roots and low concentrations in aerial 
parts in Phaseolus vulgaris. They suggested that at least part of the detrimental effect of V 
could be due to suppression of Ca concentrations  below deficiency levels (Kaplan et al., 1990). 
However, no research has been undertaken to understand the mechanisms of V and Ca 
interactions in plants.  
Vanadium was thought to play a role in the metabolism of Fe in higher plants (Basiouny, 1984). 
As documented in the literature, V effects on Fe dynamics in plants appear to be complex.  
Some researchers reported that V induced Fe deficiency (Wallace et al., 1977, Kohno and Foy, 
1983; Akoumianaki-Ioannidou et al., 2016; Ueoka et al., 2001), reduced the number of 
chloroplasts in leaves (Somasundaram et al., 1994; Akoumianaki-Ioannidou et al., 2016; 
Olness et al., 2005)) and disrupted the structure of chloroplasts (Saco et al., 2012) while others 
claimed that V enhanced Fe tissue concentrations (Basiouny, 1984; Warington, 1954) and that 
excess Fe alleviated V toxicity (Warington, 1956) in various plant species. Further work needs 
to be done to understand the mechanisms behind varied V and Fe interactions in plants taking 
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into account the different Fe uptake strategies that operate in grasses vs. non-grass species 
under Fe stressed conditions. 
Vanadium and P interactions have been investigated quite frequently due to structural and 
electronic analogy that occurs between vanadate and phosphate given the structural and 
electronic similarities between vanadate and phosphate anions and the ability of certain 
vanadates to act as phosphate metabolizing enzyme inhibitors. Experiments conducted using 
purified plasma membrane fractions from the root tissue in maize (Zea mays, L.), have shown 
that exposure to orthovanadate caused a reduction in the capacity for phosphate uptake (Sklenar 
et al., 1994). However, vanadate effects on phosphate uptake shows that vanadate is not as 
toxic as orthovanadate to plants. For example, in excised barley roots, vanadate uptake did not 
affect phosphate uptake appreciably (>30%) (Welch, 1973). However, resin-extracts of soil 
showed a correlation between yield decreases in maize as the V: (V + P) molar ratio increased 
with varying sensitivities between different hybrids of soybean (Olness et al. 2002). Thus, 
researchers groups have obtained a variety of results for V and P interaction in plants and 
further work is required to better understand the nature of these interactions and their impacts 
on V tolerance in plants. 
Further, V interactions with Mg in plant tissue has also been the subject of interest by some 
scientists (Olness et al., 2005b). Olness et al., (2005) expected competition between Mg2+ and 
V to diminish the negative effect of V on root growth and development in Cuphea when the 
Mg concentration was increased in the nutrient solution. Instead, the addition of MgSO4 in the 
absence of V increased total root area in Cuphea but with even the smallest amount of V, the 
root area was depressed significantly. Such interaction of V with Mg was unclear. Magnesium 
has indeed been found to alleviate plant toxicity of Al and other heavy metals (Rengel et al., 
2015). Hence, further investigations need to be conducted to verify V and Mg interactions in 
soils and in plant tissue.   
It has long been known that V is accumulated in roots and rhizobial root nodules of legumes 
(Bertrand, 1950). Yang et al. (2011) hypothesized that the strong accumulation of V in roots 
was related to rhizobia activity but no work has been done to test this hypothesis. Currently, 
little is known about how the legume–rhizobium symbiosis, host growth characteristics, and 
legume N dynamics are affected by varying concentrations of V in the growth substrate. To the 
best of author’s knowledge, no prior work has been conducted to assess the effect of V on 
nodulation characteristics (e.g. nodule number, nodule initiation time) in legumes. 
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Understanding changes in V speciation during uptake and translocation is important for 
understanding the mechanisms by which V is toxic to plants. Morrel et al., (1986) has provided 
some evidence for the reduction of V(V) to V(IV) in barley tissue using ESR spectroscopy. 
The reduction of V(V) to V(IV) in plant roots was interpreted as a detoxiﬁcation mechanism 
based on V(IV) being less toxic to plants than V(V). The V(IV) that is then formed in planta 
has been suggested to form stable complexes with common biological ligands (Chasteen, 1983; 
Crans, 2006; Deiana et al., 1988; Ding et al., 1994; Morrell et al., 1986). However, 
experimental data is limited on the exact location and the extent of this reduction reaction and 
the mechanisms involved. In this regard, synchrotron-based X-ray absorption spectroscopy 
(XAS) may be useful as it is able to examine the speciation of a V in situ within plant tissues. 
Vanadate has a quite complex chemistry. The structure, stability, and lability of V (V) 
compounds are important to the mechanisms by which V compounds act in biological systems 
(Crans et al., 1995). The speciation and distribution of oxoanions in nutrient solutions are 
sensitive to pH, redox potential and total V concentration. Therefore when studying V 
phytotoxicity in solution culture, care needs to be taken to maintain the bioavailability of the 
V source constant throughout the experiment. Unless reaction conditions are carefully 
controlled (including choice of buffers, pH, ionic strength), erratic and irreproducible results 
can be obtained (Crans, 1994). 
1.2  Significance of the study 
This study offers some important advanements in the existing knowledge of V phytotoxicity. 
It provides insights for V toxicity mechanisms in plants focussing on V uptake and 
translocation processes and interactions with nutrients (e.g. Ca, Fe) during uptake and 
translocation in two improved varieties of two economically significant crop species Triticum 
aestivum L. cv. Spitfire (wheat) (Family- Poaceae) and Phaseolus vulgaris L. cv. Bean Bush 
Blue Lake (common bean) (Family – Fabaceae) that show successful adaptations and tolerance 
to environmental stress conditions including metal toxicity. 
The expected outcomes of this research contribute to a better understanding of the V toxicity 
mechanisms in plants.  
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1.3 Main research hypothesis 
Vanadium phytotoxicity mechanisms can be better understood by investigating the impacts of 
V on nutrient dynamics in plants. 
1.4  Research questions  
I. How would an excess supply of V (V) affect plant uptake and translocation, 
bioaccumulation and phytotoxicity in wheat and common bean?  
II. How does V affect uptake and translocation of nutrients in wheat and common bean?  
III. How does V affect nodulation and tissue nitrogen dynamics in common bean? 
IV. How does speciation of vanadate [V (V)] changes during uptake into roots? 
1.5  Objectives 
Objectives of this study are 
I. To investigate how an excess supply of V affects plant uptake, translocation, 
bioaccumulation and toxicity in wheat and common 
II. To determine how V affects uptake and translocation of calcium, iron, magnesium, and 
phosphorus 
III. To investigate how V affects nodule number, nodule initiation time, tissue nitrogen 
concentration and biomass in legumes  
IV. To determine how speciation of vanadate [V(V)] changes during uptake and 
translocation  
 
1.6  Experiments 
Five major experiments will be carried out to find answers to research questions I – IV and to 
achieve four main objectives of this study. Figure 1.1 shows how the objectives I-IV and 
research questions I-IV are related to 5 main experiments in the study which also represents 
the logical sequence and cohesion between chapters.  
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1. Experiment 1: Vanadium (V) toxicity effects on nutrient dynamics in wheat and 
common bean 
2. Experiment 2: Effect of vanadate and calcium interactions on vanadium phytotoxicity 
in wheat 
3. Experiment 3: Effect of vanadate and iron interactions on vanadium phytotoxicity in 
wheat 
4. Experiment 4: Vanadium (V) effects on common bean and Rhizobium leguminosarum 
biovar phaseoli (CC 511) symbiosis  
5. Experiment 5: Changes in speciation of vanadium (V) during uptake and translocation 
in wheat and common bean  
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Figure 1.1 A flow diagram showing how the objectives I-IV and research questions I-IV are 
related to 5 main experiments of the study 
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        CHAPTER 2  
2. LITERATURE REVIEW 
 
2.1 Introduction  
Although attention for vanadium (V) as a harmful element is growing in the literature, 
knowledge about soil V and plant interactions is still limited. To understand soil metal and 
plant interactions, a comprehensive understanding is required not only of plant responses and 
tolerances but also of substrate factors affecting  plant responses (Reichman, 2002). Therefore, 
this review will examine V toxicity in plants focussing on the following key aspects; 
environmental biogeochemistry of V; soil V and plant interactions; V toxicity mechanisms in 
plants; V interactions with plant nutrients during uptake and translocation; V effects on tissue 
nutrients and V effects on legume-rhizobia symbiosis. The review aims to highlight key gaps 
in the existing body of knowledge on V toxicity in plants and to advise new research directions. 
To the best of author’s knowledge, V uptake mechanisms in plants have not been the subject 
of any comprehensive review since the work of  Morrell (1986). Thus, the current review 
provides an update and an analysis of current literature on V in soil and toxicity in plants.   
2.2 Vanadium and the environment 
Vanadium (V) is a widely spread element in nature with a mean crustal abundance of 150 
mg/kg (Anke, 2004; Smith et al., 2013). It is naturally released into the environment through 
volcanic activity, continental dust and marine aerosols (Hope, 2008). However, the natural V 
cycle is being heavily disturbed by human activities (Government of Canada, 2010).  
Anthropogenic emissions of V to the atmosphere now exceed natural sources by a factor of 1.7 
and are destined to rise significantly (Schlesinger et al., 2017). Vanadium enriched fly ash, 
bottom ash, slag heaps, mining tailings, oil residuals and municipal sewage sludge are common 
sources of anthropogenic V. It has been estimated that 90% of the total V released into the 
environment annually came from oil combustion mainly from oil refineries and thermal power 
plants (Jerome, 1979; Pacyna and Pacyna, 2001) as V is abundant in petroleum products esp. 
in the heavier fraction including oil and coal (Alloway, 2012). The average concentration of V 
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in coal is estimated at 58 mg/kg, and in fly ash at 208 mg/kg (Llorens et al., 2001). However, 
some elevated concentrations of V are reported in fly ash at  >1000 mg/kg, crude oil up to 900 
mg/kg and crude-oil ash up to 22,000  mg/kg (Kabata-Pendias, 2010). 
Vanadium has multiple uses and many applications in industry. The majority of V is used in 
the steel industry as an alloying element. Contaminated steel stag contained 86-918 mg/kg of 
V (Bekker, 2014). Phosphate rock fertilizers are usually contaminated with V. Depending on 
the origin, phosphate rocks fertilizers contain V at concentrations at  between  3 - 300 mg/kg  
(Mortvedt, 1995; Vachirapatama et al., 2011) Vanadium is also used in the production of 
sulphuric acid where ferrovanadium is used as a catalyst, in automobile catalytic converters 
and V redox batteries (Gummow, 2011). 
As a result of increased human use of V, there  has been a significant increase of V in the 
biosphere in the last few decades (Morrell et al., 1986). The mineral concentration of herbarium 
specimens of 24 species of vascular plants and three species of bryophytes collected in North 
and East regions of Spain demonstrated  that V levels have exponentially increased in the last 
decades in the Spanish terrestrial ecosystems due to oil pollution (Penuelas and Filella, 2002). 
Studies have shown that contaminated V levels found in the environment can have damaging 
effects on enzyme activity in lichens (LeSueur and Puckett, 1980) that indicate rising levels of 
V in atmospheric aerosols. Vanadium toxicity has been reported in plant communities growing 
close to V mines and industrial plants burning V rich residual fuels (Panichev et al., 2006; 
Yang et al., 2014). Although environmental V pollution does not pose an immediate threat to 
ecosystems on a global scale, elevated V concentrations in the environment can adversely 
affect ecosystems (Barker and Pilbeam, 2016; Kabata-Pendias, 2010) causing local 
environmental hazards (Hope, 1997a). According to Gustafsson (2019), the knowledge about 
the environmental effects of V is still relatively scarce compared to other metals like Cu, Zn, 
and Pb. 
2.3 Chemistry and biochemistry of V affecting V toxicity in 
plants 
2.3.1 Aqueous chemistry of vanadium 
The aqueous chemistry of V is complicated with the structure, stability, and lability of V 
compounds all being important to the mechanisms by which V compounds act in biological 
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systems (Crans, 1994). At high pH, V(V) is the most stable form of V in aqueous solution, 
whereas at low pH the V(IV) species is more favoured (Crans et al., 2004).  
Vanadium in oxidation V(V) forms vanadate and vanadate derivatives in aqueous solution. In 
the neutral pH range, aqueous mixtures of vanadate [V(V)] consists of a mixture of anionic 
species called oxovanadates. The speciation and distribution of oxoanions is very sensitive to 
pH and total V concentration resulting from various condensation and polymerisation 
equilibria (Willsky, 1984, Crans et al., 2004).  Further, the presence of salts of other compounds 
mediating the ionic strength and oxidation-reduction potential (Welch, 1979) and temperature 
(Baken et al, 2012) determines the structure of oxoanions present in solution. As V species are 
rapidly interconverting, there are large differences in their effects in biological systems 
depending on which species is present (Crans, 2005). Hence, V toxicity depends on all those 
factors that determine oligomerisation equilibria of vanadate. 
The simplest oxovanadate is the monomer VO4
3- [V(V)] which can exist as mono- di or trianion 
- H2VO4
-, HVO4
2- and VO4
3-. At neutral pH, the major V(V) species in solution are H2VO4
– 
(slightly acidic pH) or HVO4
2– (near- neutral pH) (Crans et al., 2004). Other vanadates present 
at near neutral pH include vanadium dimer, tetramer and pentamer species. Depending on the 
pH, the species can exist in various protonated forms (Crans et al., 2004).  Tetramer is the 
major species present in concentrated solutions. Vanadate decamer is a large oxovanadate that 
forms between pH 2 and 6 which forms upon addition of acids to vanadate solutions. Below 
pH 2, vanadyl cation or VO2+ [V(IV)] is the favoured oxovanadium species (Crans et al., 2004).   
The concentration of monomeric vanadate [V(V)] is dependent on pH, the total vanadate 
concentration and the ionic strength of the solution. In dilute solutions less than 0.1 mM, 
condensation reactions are unimportant (Welch, 1973) and the pH becomes the crucial factor 
in determining V species. Vanadate solutions above 1 mM will contain monomer, dimer, 
tetramer, and higher oligomers at neutral pH  (Crans and Shin, 1988). Vanadate predominantly 
exists as the trimer or tetramer at milli molar concentrations (Boyd and Kustin, 1984). 
Generally, solutions below 1 mM vanadate contains mainly vanadate monomer (Welch, 1973). 
Vanadate solutions above 1 mM contains monomer, dimer, tetramer, and higher oligomers at 
neutral pH. A 10 mM vanadate produces solutions in which most of the vanadate present as 
oligomer; e.g. the use of 10 mM total vanadate produces approximately 0.5-0.7 mM monomeric 
vanadate only in the pH range 7-8 (Crans and Shin, 1988). 
 14 
 
2.3.2 Vanadium complexation reactions with common organic and 
inorganic ligands 
Both V(IV) and V(V) form stable chelates with a wide variety of organic and inorganic ligands 
(Crans et al., 2004). According to Meisch and Bieling (1980), the inhibitory effects of V are 
due to the known tendency of vanadates or vanadyl cations to form stable chelates at near- 
neutral pH. Vanadate reacts to form complexes with numerous coordinating groups; e.g. 
ethanol, hydroxyl, carboxyl, amino, amido, phosphate (Crans et al., 2004). Hence, vanadate 
has been shown to bind with many organic ligands including organic acids, proteins, amino 
acids amino compounds, aldehydes and ketones in the rhizosphere and cellular environments 
(Crans, 1994; Meisch and Bieling, 1980; Morrell et al., 1986). However, vanadate and 
phosphate complexes are the most stable of all complexes formed by vanadate reacting with 
biological ligands (Crans, 2005). The formation of a stable chelate alters the oxidation state of 
the V, for example, V(V) oxidizes ascorbic acid to produce V(IV) (Kustin and Toppen, 1973). 
Vanadate also reacts with synthetic Fe-chelates agents used in nutrient solutions like 
ethylenediaminetetraacetic acid (EDTA) which forms a  stable 1:1 complex with vanadate even 
though both are anions; H2VO4
- - H2EDTA
2-  (Crans, 2006). The complex is recognized as a 
complex between the anion EDTA and the cation VO2
+.  
2.3.3 Reduction potential of vanadates 
Vanadate [V(V)] is readily reduced by cellular antioxidants like glutathione (Crans et al., 2010; 
Macara, 1980), cysteine (Chasteen,1983), NADH (Stankiewicz et al., 1991) and L-ascorbic 
acid (Kusten and Toppen, 1972).  Vanadate reduction is determined by pH, solute 
concentrations and the presence of chelating ligands. Using the vanadate and thiol system, 
Crans et al. (2010) using vanadate-thiol system showed that both vanadium (IV) and (V)-thiol 
complexes form and that redox chemistry also takes place. The reduction potential of V(V) has 
made it a reactive electron transfer catalyst in biological systems (Chasteen, 1990).  
2.3.4 Vanadate reactions with Fe siderophores 
Vanadium has been shown to affect Fe uptake in organisms by substituting for Fe in Fe2+/ Fe3+- 
siderophore complexes based on the chemical similarities of VO2+and Fe2+ (Crans, 2004). 
Siderophores are primarily produced by plant roots and rhizosphere microbes to bind metal 
ions especially Fe2+ and Fe3+   (Crans et al., 1998) but the potential exists for siderophores to 
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also complex V species. Citrate is a siderophore that has been found to bind vanadate and 
vanadyl ions in aqueous solutions in addition to Fe2+ (Zhou et al., 1999). Studies using the 
bacteria; e.g. Pseudomonas aeruginosa (Baysse et al., 2000) and green algae; e.g. Chlorella 
vulgaris (Allnutt and Bonner, 1987) it has been shown that VOSO4 interferes with the uptake 
of Fe2+-protochelin and Fe2+-azotochelin complexes and inhibits the growth of these 
organisms. Such findings demonstrate the ability of V to substitute for Fe in other Fe- 
siderophore complexes in biology.  
Phytosiderophores (PS); the organic substances produced by plants of family Poaceae under 
Fe deficient conditions (e.g. nicotinamine, mugeniec acid, avenic acid, etc.) (Romheld and 
Marschner, 1986; Takagi et al., 1984) have received considerable attention in the recent past 
for absorption of metals other than Fe; e.g. Zn, Cd, As (Meda et al., 2007). To the best of the 
author’s knowledge, no research has been conducted to understand the V effects on 
phytosiderophore mediated Fe uptake in grasses under limited Fe conditions. 
2.3.5 Vanadate as a phosphate analogue  
Vanadate has long been recognized as a structural and electronic analogue of phosphate with 
similar protonation reactions (Peterson and Girling, 1981). This analogy is most apparent in 
the tetrahedral trianionic forms VO4
3- (orthovanadate) and PO4
3-. Accordingly, HVO4
2-, H2VO4 
- and H3VO4 that form upon protonation of VO4 
3- are analogues of the corresponding phosphate 
derivatives (Chasteen, 1990; Crans, 1994; Crans et al., 2004). For this reason, many vanadate 
research has focussed on understanding the potential of vanadate substituting for phosphate 
ions in biological systems. Details about vanadate inhibition of phosphate metabolising 
systems have been presented in section 2.10.1 in this literature review. 
Crans group has done numerous studies to understand vanadate and phosphate analogy and has 
found that phosphate analogy does not hold for all the protonated forms of the vanadate 
monomer and that vanadate is probably not a perfect transition state analogue of phosphate 
(Crans et al., 2004). The five-coordinate vanadate-dipicolinate complex was suggested to be 
the most potent inhibitor of phosphate absorption in line with the prediction that a compound 
with geometry most similar to that of a transition state analogue would be the most potent 
inhibitor (Crans et al., 2004). Thus, further investigations need to be done to understand 
vanadate and phosphate interactions in plants.  
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2.4 Soil factors affecting V and plant interactions  
Vanadium uptake and accumulation by plants are influenced by both soil and plant factors. The 
following sections (1.3.1 – 1.3.3) investigate important soil factors affecting V uptake by plants 
Soil factors that determine V uptake by plants has been discussed below to get an insight into 
soil and plant interactions relating to V toxicity in plants.   
2.4.1 Vanadium in soil: Occurrence, behaviour, transport, and fate 
Geogenic V exists in oxidative states of II, III, IV, and V (Adriano, 1986) with the two redox 
forms V(IV) and V(V) being the most abundant. Vanadium is frequently found in soil minerals 
in the tetravalent and trivalent oxidation states incorporated as VO2+ and V3+ lattice components 
(Shaheen et al., 2019). Weathering of rocks usually involves the conversion of the less-soluble 
trivalent form to the more soluble pentavalent form (ATSDR, 2012). Soil V is found associated 
with organic matter, clay, Al and Fe oxides (Cappuyns and Swennen, 2014; Gäbler et al., 2009; 
Larsson et al., 2017). In particular, Fe and Al hydroxides play an important role in soil sorption 
of V (Gabler et al., 2009) and determines its mobility in soils (Larsson et al., 2013; Naeem et 
al., 2007).  
In soil, V (V) commonly occurs as vanadate anions (HVO4
2− or H2VO4
−) (Chasteen, 1990; 
Crans and Tracey, 1998) while V (IV) occurs as the vanadyl oxo-cation VO2+. Vanadium (V) 
and V(IV) appears to have distinct geochemical properties (Gustafsson, 2019) as regulated by 
the different chemistry of the 2 species. The oxidation state of the V species in soil determines 
relative mobility, bioavailability, and toxicity. Both vanadyl and vanadate species are known 
to bind strongly to mineral and biogenic surfaces by adsorption (Baken et al., 2012). The 
vanadyl cation is strongly bound by organic ligands, including humic substances (Lu et al., 
1998) whereas vanadate anions are strongly bound by iron oxides and hydroxides (Blackmore 
et al., 1996).  
Anthropogenic inputs may lead to soil V enrichment. Added V has been demonstrated to be 
more mobile and bioavailable in soils than geogenic V (Gäbler et al., 2009). The mobility of 
V in soils is mainly affected by pH and redox potential and soil characteristics (Alloway, 2012). 
Vanadate is more mobile under oxidizing conditions due to the high mobility of oxidized 
anionic forms over reduced cationic forms (Shaheen and Rinklebe, 2018). Vanadium (V) is 
relatively soluble over a wide pH range and has been demonstrated to be bioavailable (Larsson, 
Tian et al., 2015). The predominant V form present in soil solution is thought to be VO3
- 
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(Morrel, 1983) or one of its protonated forms HVO4
-  or H2VO4
2- (Crans, 2016). However, 
vanadate is mobile under alkaline conditions which would suggest a release of this species 
from the soil phase to solution under alkaline conditions (Shaheen and Rinklebe, 2017). The 
presence of reducing agents plays an important role in determining the fate of vanadate as it 
may be reduced to VO2+ by soil organic matter (Goodman and Cheshire, 1975). The presence 
of humic acids can cause a local accumulation of VO2+ (Lu et al., 1998). Vanadium is generally 
considered to be less mobile and well retained in soils (Cappuyns and Swennen, 2014; Martin 
and Kaplan, 1998). Sequential extraction experiments have indicated that the mobility of V in 
soil is low, with <1% of the total V being in readily mobilised fractions (Yang et al., 2014). 
Column experiments revealed that <0.1% of V in the soil is leachable (Yang et al., 2014). 
Drought and rewetting increased the total V concentrations in the soil between 2 to 5 times 
(Yang et al., 2014).  An understanding of geochemical fractions of V in different soils provides 
an understanding of the potential mobilization of V. 
2.4.2 Vanadium pools in soil 
According to Alloway (2012), main V pools in soils are V in mineral lattice [ V(III), V(IV), 
V(V)], immobile organically complexed [V(IV) and V(V)], mobile complexed [V(IV)] and 
free vanadate in solution [V(V)]. Exchange between pools will depend upon prevailing 
physical, chemical and biological conditions (Alloway, 2012).  
2.4.2.1 Total V concentrations in background soil 
The typical concentration of V in soils ranges from trace amounts to 400 mg/kg, with a mean 
of 150 mg/kg (Vinogradov, 1959; Panichev et al., 2006). Vanadium in European soils, 
measured in hydrogen fluoride digests had a mean V concentration of 68 mg/ kg whereas, in 
comparison, the aqua regia extractable V concentrations were about two-fold smaller 
(Salminen, 2005). Aqua regia soluble V concentrations of the German soils were in the range 
of 2–143 mg/kg (Gabler, 2009). According to Larsson et al. (2013), the mean aqua regia–
soluble V concentration in European topsoils was 38 mg/kg although some soils may have up 
to 500 mg /kg V (median value of total V concentration in European topsoils is 60 mg/ kg). In 
a separate study, the total V concentrations in thirteen different soil profiles originating from 
Germany and Egypt were found in the range of 21 -133 mg/kg using the sequential extraction 
technique of the Commission of the European Communities Bureau of Reference (BCR) 
(Shaheen and Rinklebe, 2017).  
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Total V concentrations in contaminated soils have been reported to be as high as 20 times the 
mean soil natural background concentrations. For example, the total amount of V varied from 
1570 to 3600 mg /kg in soil collected from a site located 2 km away from a V mine in the North 
West province of South Africa and measured in hydrogen fluoride digests (Panichev et al. 
2006). Vanadium in mine tailings and soils near a V titanomagnetite mining site in China 
contained 774 mg/ kg V (Yang et al. 2014). The total V concentration in different land-use 
districts in Panzhihua Region in China ranged from 208–938 mg/kg in a smelting area, 112–
591 mg/kg in a mining area, 94–183 mg/kg in an urban park and 72–227 mg/kg in an 
agricultural area (Teng et al., 2011) which clearly demonstrated that smelting and mining had 
significantly (p < 0.05) increased soil V over the mean natural background V concentration; 
i.e. 82 mg/kg (China Environmental monitoring station, 1990). 
2.4.2.2 Mobility of V in soil 
Vanadium in soils is generally poorly mobile (Tian et al., 2015). A large fraction of the 
naturally present V is essentially unreactive in soils (Baken et al., 2012). Chemical 
fractionation of V in the soil from Panzhihua mining and smelting area showed that the Relative 
proportion of V in each soil faction was insoluble residue > organically bound > Fe 
(amorphous) oxide-bound > Mn oxide-bound > soluble component (Teng et al., 2006). In a 
separate study, soil extraction test results showed that >80% of the total V in  soil and mine 
tailings were associated with residual phases suggesting that a majority of V was immobile 
(Yang et al, 2014). Vanadium in residual phases is not subject to release via anionic exchange, 
ligand dissolution, acid extraction and redox reactions, which suggests that this V fraction is 
not involved in short to medium term biogeochemical processes in soils (Yang et al., 2014). 
Further, V displayed a very limited mobility in oxidized sediments and sediment-derived soils 
with mobile V concentrations (Cappuyns and Swennen, 2014), As estimated by the amount of 
V released by a single extraction with CaCl2 0.01 mol /L, had a value of 11 μg/ l even in the 
most contaminated sediment samples (Cappuyns and Swennen, 2014).   
There is little information available on soil solution V concentrations as only a handful of 
studies have investigated V pools in soils. Both sequential extraction and leaching experiments 
have indicated that usually, less than 1 % of total V in soils is extractable and leachable with 
water (Larsson et al., 2013; Teng et al., 2009; Cappuyns and Swennen, 2014; Yang et al., 
2014b, Tian et al., 2015). Mobility of V in both the soil near the mining site and the mine 
tailings was also low with <1%being readily mobilised (Yang et al., 2014). Column 
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experiments revealed that <0.1% of V in the soil and mine tailing was leachable (Yang et al., 
2014) and that there is a low risk of V migrating from the soil and mine tailings into the 
surrounding environment. Using bulk soil saturation and centrifugation method, natural 
background concentrations of V in German soil solutions were found to be below 0.01 mg V/ 
L (0.73 µM) (Gabler et al., 2009) while in European top soils soil solution V concentration 
varied between 0.006 mg/ L to 0.1 mg /L (0.12 µM to 1.96 µM) (Larsson et al., 2013).  
 
2.4.2.3 Vanadium sorption reactions in soil  
Both vanadyl and vanadate species are known to bind strongly to mineral and organic surfaces 
by adsorption and complexation (Gustafsson, 2019). Vanadium toxicity in soils is controlled 
by the V sorption strength of the soil (Kaplan et al., 1990; Larsson et al., 2013). The amount 
of V that can be added to the soil before the onset of toxic effects is strongly dependent on the 
extent of V sorption (Baken et al., 2012; Larsson et al., 2013). Larsson et al., (2015) found that 
iron and/or aluminum hydroxides were important sorbents for V(V) in mineral soil. A sorption 
study conducted on 30 different mineral soils with a range of vanadate concentrations (from 25 
to 125 mg/ kg V) found different sorption characteristics depending on the soil type (Gäbler et 
al., 2009). The concentration of iron, aluminium, and manganese hydroxides was the main 
property that controlled V sorption, but it was also affected by the clay and organic matter 
contents (Gäbler et al., 2009). Soil spiking experiments conducted by Baken et al., (2012) 
demonstrated that added V(V) was predominantly sorbed onto poorly crystalline 
oxyhydroxides,  in both reversible and  irreversible forms. To the author’s knowledge, there 
have not been any studies directly investigating the sorption of V(IV) to the soil solid phase.  
2.4.2.4 Vanadium bound to soil organic matter  
According to Alloway (1995), organic matter is important for soil V cycling. Soil organic 
matter influences the speciation and mobility of V in soils (Gäbler et al., 2009). Organic matter 
can reduce V(V) to V(IV) in soil (Goodman and Cheshire, 1975) and to bind to reduced V 
(Poledniok and Buhl, 2003; Lu et al., 1998).To the best of author’s knowledge, there hasn’t 
been any other research investigating V bound to soil organic matter. 
2.4.3 Vanadium speciation in soil 
Relatively little is known about the speciation of V in soils. Vanadium speciation in soil is 
important in determining V toxicity as total V concentration does not generally reflect the 
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bioavailable V concentration in soil (Reichman, 2002). Of the few valencies of V present in 
soil, tetravalent or pentavalent forms are more geochemically active (Larsson et al., 2017) and 
are relatively easily absorbed by plants (NRCC, 1980). Pentavalent V is more toxic than the 
tetravalent form to plants (Mandiwana and Panichev, 2006; Larsson et al., 2015). Vanadium 
speciation in soil is mainly controlled by soil properties such as pH, organic matter content and 
the content of metal (hydroxides (Larsson et al., 2015). Some soils contain more V in the form 
of V(V) while others contain more V(IV). In a study conducted using European top soil, V (IV) 
was found to be the predominant species in humus while V (V) dominated in the mineral soil 
which was sorbed to iron and/or aluminium hydroxides (Larsson et al., 2015). Panichev et al. 
(2006) demonstrated that a considerable amount of V in soils was present as V(V) species (620 
-1680 mg/kg) in soil collected close to a V mine in South Africa. Similarly, geochemical 
fractionation of different soil profiles originating from Germany and Egypt showed that the 
reducible fraction [V(V)] was more abundant than oxidisable fraction [V(IV)] in soil and that 
the reducible fraction contributed stronger to the potential mobility and availability of V than 
the oxidisable fraction (Shaheen and Rinklebe, 2017). Speciation of soil V showed an exclusive 
predominance of V(IV) in a mining soil in China (85.9 %) (Yang et al., 2014). Tetravalent V 
accounted for at least 75% of total V in soil indicating that most of the V in soil were available 
in the less toxic form (Tian et al., 2015). 
2.4.4 Vanadium bioavailability 
The fraction of a metal that plants can absorb is usually known as the bioavailable fraction. 
Generally, metals dissolved in the soil solution are directly available for plant uptake while 
other soil metal pools are less available (Davis and Leckie, 1978).  Vanadium often occurs in 
the pentavalent form in soil solution and hence it could be the most bio-available form in soil 
(Adriano, 2001).   
Most plants accumulate V in small amounts compared to the total V concentration in soil 
(Peterson and Girling, 1981). Phytoavailability of V is not yet well understood (Kaplan, 1990, 
Yang et al 2014). Various fractionation methods and extractants have been used to determine 
the bioavailable V fraction in soil recently. Commonly used extractants have been ammonium 
bicarbonate-DTPA (Lippincott Williams and Wilkins, 2010), EDTA (Kaplan, 1990), CaNO3 
(Gabler, 2009) CaCl2 (Baken et al., 2012), and anion and cation resins (Olness et al., 2001).  In 
a study  investigating topsoil in the Panzhihua Urban Park in China (Teng et al., 2011), 
bioavailable V was evaluated on the basis of soil V single extraction with 
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ethylenediaminetetraacetic acid (EDTA), hydrochloric acid (HCl), acetic acid (HOAc), and 
sodium nitrate (NaNO3). The largest bioavailable V fraction was obtained with EDTA (0.27–
4.09%), followed by HOAc (0.01–1.33%), NaNO3 (0.13–0.72%) and HCl (0.06–0.28%). In a 
different study assessing bio-available V content in polluted areas  and unpolluted area  in 
different land-use Districts China showed that mining area (18.8–83.6 mg/kg) and smelting 
area (41.7–132.1 mg /kg) had significantly higher V bioavailability than the agricultural area 
(9.8–26.4 mg/kg) and the urban park (9.9–25.2 mg/kg) (Tian et al., 2011). None of these 
methods employing sequential leaching of the soil samples to separate different fractions of V 
seem to reveal reliable information about V bioavailability in soil. Although widely adopted, 
concern remains as to the chemical rigor of these operationally based procedures and a lack of 
methodological consistency (Amanda Jo and David, 2010; Edwards and Patinha, 2019).    
Vanadium (V) has been shown to be more accessible to plants in comparison to V(IV) based 
on the findings of a single experiment conducted by Tian et al. (2015). According to these 
authors, growth of rape (Brassica juncea) significantly reduced the concentrations of V(V) but 
not did not affect V(IV) in soil suggesting that V(V) was actively involved in the soil–rape 
interaction of V (Tian et al., 2015). Thus, soil and plant interactions that regulate V toxicity in 
plants are yet poorly understood.  Plant roots also can affect the speciation of V in soil (Morrel 
et al., 1986) by exudation of various compounds and so root-mediated changes in speciation 
could also explain the V speciation changes. Further work needs to be done to understand the 
mechanisms regulating the differential uptake rates of V species in plants to understand V 
tolerance mechanisms in plants.  
2.4.5 Effect of aging on V speciation and bioavailability 
Baken et al. (2012) found that V added directly to soils using standard soil spiking methods 
was more soluble than geogenic V in European soils Thus, phytotoxicity of added V(V) to 
barley and tomato biomass decreased on average two-fold between freshly spiked and aged 
soils measured (Baken et al., 2012).  However, V speciation in the soil solution of the aged 
soils was dominated by V(V) with more than 92% present as V(V) after 100 days of spiking 
soils with V(V) (Baken et al., 2012). In a field study examining the movement V(IV) through 
the profile of a Coastal Plain soil (Typic Kandiudult) and the availability of V to bush bean 
(Phaseolus vulgaris L.) plants, Martin and Kaplan (1998) found that less than 3% of the V 
(0.56 mg/ m2) applied to a coastal plain soil migrated below the amended soil depth and the 
majority of the V applied to the soil were transformed within 18 months into unextractable 
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forms which were less available for uptake by plants. Thus, soil aging appears to have an 
important effect on V bioavailability in soil. Hence, under field conditions, even in most 
contaminated soil, bioavailability of V seems to decline well over time. 
2.5 Vanadium in green alga and its relevance to higher plants 
Some evidence is available to support the role of V in photosynthesis of green alga. Vanadium 
was considered to be a micronutrient for certain green alga particularly at low concentrations 
(Arnon and Wessel, 1953; Meisch and Becker, 1981). The mechanisms of photosynthesis in 
higher plants and green alga is very similar and for this reason, scientists often use algae to 
study photosynthesis and model the same processes in higher plants.  
Arnon and Wessel (1953) demonstrated that ammonium metavanadate (NH4VO3) increased 
cell growth and chlorophyll content in Scenedesmus obliquus Kützing grown in V 
concentrations up to 100 µM.  Their research created speculation among biologists that V may 
be an essential element for higher plants. There has been an unresolved debate for many 
decades on the essentiality of V for plants (Arnon and Wessel, 1953; Czeslawa et al., 1995; 
Meisch and Bauer, 1978a; Meisch et al., 1977; Meisch and Bielig, 1975; Rosen et al., 1975) 
but strong evidence to support such claims is not available to date. 
 Indeed, investigation of the PS I activity in spinach chloroplasts revealed a considerable 
enhancement of photosynthesis by V with an optimum increase (320%) at about 20 µM V in 
solution (Meisch and Becker, 1981). However, no work has been done since then to extend the 
finding of those algal biologists because the research emphasis has moved onto understanding 
the inhibitory effects of V since the 1980s.  
2.6 Evidence for a beneficial role of V in green algae  
2.6.1 Vanadium as a substitute for Fe in photosynthesis 
A close relationship between V and Fe in the metabolism of the green algae was suggested by 
Meisch and Bielig (1975) using Scenedesmus obliquus and Chlorella pyrenoidosa. In these 
experiments, adding 20 µg/L V as NH4VO3 was able to overcome completely iron-deficiency 
in the algae, with, the supply of Fe2+ in a readily available form removing this requirement for 
V (Meisch and Bielig, 1975). The authors suggested that the effect of increasing Von reducing 
Fe deficiency was due to the metabolic interference of Fe2+ i.e. competition or replacement of 
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Fe with V and that part of the algae’s requirement as a beneficial.  Thus, if V could be a 
beneficial element for higher plants when Fe is limiting but this is yet to be tested. Further, the 
substitution of V for Fe in green algae suggests the involvement of both V and Fe in chlorophyll 
synthesis. Meisch and Becker (1981) demonstrated that V spontaneously stimulated algal 
photosynthesis between 1 to 2 µM V in solution (70% increase at 2 µM) as evidenced by the 
relative increase of O2 productivity in intact Chlorella fusca cells. The highest increase was 
observed under the conditions of Fe deficiency which stresses the beneficial effects of V on Fe 
metabolism in green algae (Meisch and Becker, 1981). 
2.6.1.1 V regulated synthesis of porphyrin precursor in biosynthesis of chlorophyll 
Meisch and Bauer (1978b) demonstrated that increasing the supply of V increases the 
biosynthesis of chlorophyll through enhanced synthesis of the porphyrin precursor δ-
aminolevulinic acid in the mutant green alga Chlorella pyrenoidosa Chick. Since 6-
aminolevulinic acid formation is known to be a critical regulatory step in the light-induced 
plastid development of plants (Meisch and Becker, 1981) V appeared to have a considerable 
influence on the structure of the Chlorella chloroplast (Meisch and Bauer, 1978b). 
2.6.1.2 Vanadium as an ionic redox agent in photosynthesis 
It has been suggested that V acts as a redox catalyst in photosynthesis in the electron transport 
from PS II to PS I (Rosen et al; 1975; Meisch and Becker, 1981). Rosen et al. (1975) 
demonstrated that vanadate accepts electrons in Photosystem I and that vanadyl cations donates 
electrons to Photosystem II. The ability of V to change reversibly between its tetravalent and 
pentavalent states enables these redox reactions (Meisch and Becker, 1981).  
2.6.1.3 Enhancement of photosystem I in chloroplasts  
Vanadium has been demonstrated to increase the PSI activity of Chlorella fusca. Up to an  ~3 
fold increase was observed with 20 µM V in solution but  V concentrations over 2000 µM 
inhibited the reaction (Meisch and Becker, 1981).  
2.7 Evidence for inhibitory effects of V in green algae 
Although V appears to be a beneficial  micronutrient in some algal species, at higher 
concentrations V has been shown to inhibit biomass and chlorophyll synthesis and alter cell 
division (Meisch and Benzschawel, 1978) giving rise to chloroplasts with an enlarged thylakoid 
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system (Meisch et al., 1980). Algal cultures with high V addition was shown to have 
abnormally larger cells than those of the corresponding V-free controls (Meisch and 
Benzschawel, 1978). Observation of algal cell nuclei revealed an inhibitory effect of elevated 
V on nuclear division, yielding giant nuclei with multiple sets of chromosomes, and thereby 
limiting cell division (Meisch and Benzschawel, 1978).  Further, Nalewajko et al. (1995) 
demonstrated that the growth and photosynthesis freshwater algae and cyanobacteria were 
inhibited by elevated concentrations of V in the growing medium. They also found that P 
influenced on the degree of V-induced inhibition of growth and photosynthesis. 
2.8 Vanadium in higher plants 
In general, plants from unpolluted sources have a tissue V concentration ranging from  0.5 to  
2 µg/g  on a dry weight basis  (Adriano, 1986a). In comparison, green oats, mustard, and 
spinach did not show any signs of toxicity at concentrations reaching 0.17, 0.25 and 0.70 µg/g, 
respectively in dry matter (Anke, 2004). Plant species vary in their sensitivity to V (Olness et 
al., 2005a; Smith et al., 2013). According to Anke (2004), wheat, rye, and red clover were 
particularly sensitive to V.  Usually, older plant parts contain more V than younger parts and 
lower plants like bryophytes generally contain more V than seed-bearing plants (Barker and 
Pilbeam, 2016; Kabata-Pendias, 1993). Some higher plants have also been shown to 
accumulate higher concentrations of V such as Astralagus preussi which had tissue V 
concentrations of 144 µg/g without showing any signs of toxicity in plants (Cannon, 1963).  
 
2.8.1 Growth stimulation under low V exposure 
Vanadium has recently been identified as a beneficial element in higher plants (Vats, 2018). 
Earlier studies suggested that V enhances growth at concentrations of about 10 µg/kg V soil 
(Bertrand, 1950). In an experiment on sand-grown corn (Zea mays L.), a supply of V increased 
the production of chlorophyll a and b and the grain yield (Singh, 1971).  Welch and Huffman 
(1973) demonstrated that if V is an essential element for (Lactuca sativa) lettuce and tomato 
plants, the adequate tissue level would be less than 2 µg/g V derivable from a growth medium 
containing less than 0.04 ng/ml V. Supply of V to tomato (Lycopersicon esculentum Mill.) at 
0.25 mg/ L of nutrient solution gave greater plant height, more leaves, more flowers, and 
greater plant mass compared to the control without any added vanadium (Basiouny, 1984) at 
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an iron 10mg/l as Fe3+- EDTA complex.  Further, Phaseolus vulgaris seedlings exposed to 80 
µM V had increased dry weight accumulation in shoots and roots compared to control plants 
(Martin and Saco, 1995). Meisch (1981) with his experiment using isolated chloroplasts from 
spinach found evidence that the trace element V can act as a potent accelerator of 
photosynthesis in both green algae and higher plants. Investigation of the PS I activity (but not 
photosystem II) in spinach chloroplasts revealed a considerable enhancement by V with an 
optimum (320% increase) at about 20 µM V. In a recent study, it was found that V stimulated 
plant growth and flowering, increased concentrations of amino acids, sugars and chlorophyll 
when applied at the rate of  5 μM V to pepper (Capsicum annuum L.) plants (Garcia-Jimenez 
et al., 2018). The mechanisms behind V induced stimulation in growth are not completely 
understood and attempts to assign an essential requirement of V in higher plants have so far 
been unsuccessful (Barker and Pilbeam, 2016). 
2.9 Vanadium toxicity in plants 
Generally, 2 µg/g has been found as the threshold tissue V concentration before the onset of V 
toxicity symptoms in plants (esp. growth reduction) (Kabata-Pendias, 1993; Khan et al., 2011). 
Plants grown in contaminated sites (e.g. close to V mines and thermal power plants) were 
visually smaller in size and contained tissue V concentrations much higher than those from 
unpolluted sources (Khan et al., 2011; Panichev et al., 2006). According to Mandiwana and 
Panchev (2007), the concentration of V in plants growing near a V mine was 3.8 - 4.8 µg/g for 
V(V) species and 9-13 µg/g for total V. Further, the concentrations of V(V) and total V in 
vegetables and grasses grown around a thermal power plant were found in the range of 2.9–
5.25 and 8.74–14.9 µg/g, respectively, which were significantly higher than those values 
obtained from vegetables and fodders grown in non-exposed agricultural site (Khan et al., 
2011). Plants may be more sensitive to one or more of the oligomeric forms of vanadate, and 
differences in their relative intensity may explain the differences obtained by the various 
research groups (Crans et al., 2004; Olness et al., 2005b). 
 
 26 
 
2.10  Vanadium effects on plant growth parameters 
Readily available V in ﬁeld situations may result in poor root growth and crop performance 
(Olness et al., 2004). Most prominent visible symptoms of V toxicity are the stunting of aerial 
parts and a loss of secondary and tertiary branching of the root system (Olness et al., 2005b).  
Vanadium toxicity in aerial tissue is usually manifested as chlorosis of the uppermost leaves 
[e.g. Cabbage (Hara et al., 1976)] or a general chlorotic appearance [e.g. cuphea (Cuphea 
viscosissima × C. lanceolata ‘PSR 23’)  (Olness et al., 2005a) which is manifested as typical 
Fe-chlorosis. In addition to significant losses in leaf parameters (e.g. length, width, and area) 
and significant growth reductions (e.g.  leaf fresh mass and dry mass) occurred in cuphea 
exposed to 153 µM V (Olness et al., 2005a). Chlorosis and reductions in aerial biomass could 
be due to V inhibited chlorophyll biosynthesis and net photosynthesis as demonstrated in 
seedlings of rice (Oryza sativa L.) (Somasundaram et al., 1994) but definitive evidence is not 
available to prove such claims. Vanadium effects on chlorophyll biosynthesis could at least 
partly be due to toxicity effects on Fe metabolism in plants. 
Vanadium predominantly affects the root system seemingly due to the fact that most of V that 
enters the plant accumulates in the roots (Cannon, 1963; Hara et al., 1976; Kaplan et al., 1990; 
Morrell, 1986; Saco et al., 2012; Wallace et al., 1977). For example, the most dramatic and 
visible effect of V on the growth of cuphea was the inhibition of secondary and tertiary root 
formation (Olness et al., 2005a) accompanied by significant losses in root parameters (e.g. 
relative root length, root surface area, root weight) in cuphea exposed to < 153 µM of V.  As 
the secondary and tertiary lateral branching decreased, thickness of the primary root increased   
which increased root mass at a much slower rate as the plant grows (Olness, 2005; Saco et al 
(2013).  
Hara et al. (1976), found retention of V in cabbage roots at levels up to 2500 µg/ g dry weight 
which represented 95-98% of the total V absorbed. In Morrel’s (unpublished) experiments with 
broad beans (Vicia sp.), the bulk of applied V (97%) was retained by the roots and that pool 
increased in proportion to the rate of V supply, irrespective of chemical form. Root retention 
of V assures the plant that only small quantities are transferred to the aerial parts.  
Immobilization of V in this manner is presumed to be the primary mechanism of plant tolerance 
to large quantities of V (Peterson and Girling, 1981; Wang et al., 2008) but no experimental 
evidence is available to support such claims. Some evidence indicates that V may also inhibit 
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the absorption of water due to its effects on the root system (Ullrich-Eberius et al., 1989) which 
could also be related to V driven chlorotic symptoms. Further investigations need to be 
completed to understand the mechanisms behind V toxicity symptom development in plants. 
 
2.10.1 Vanadate inhibition of phosphate metabolising systems  
Vanadate was identified as an inhibitor of Phosphorylases (Phosphatases, Ribonuclease, other 
Phosphorylases (phosphodiesterases and phosphomutases, phosphoglucomutase, 
phosphoglycerate mutase) and ATPases) (Crans, 2005; Crans et al., 2004) but the reduced 
form, vanadyl had a weaker effect (Cantley and Aisen, 1979). However, this inhibition was 
evidenced using orthovanadate (VO4
3-, V(V)) as the source of vanadate. For example, 
orthovanadate (<25µM) inhibited plasma membrane hydrogen (H+)-translocating ATPase in 
root fractions and inhibited sucrose synthesis in oat (Avena sativa) (Vara and Serrano, 1982). 
Further, orthovanadate (10-500 µM) inhibited ATPase activity and acid phosphatase activity 
of the plasma membrane fractions in corn root tissue and oat (Avena sativa L.) tissue (Gallagher 
and Leonard, 1982). Furthermore, the treatment of barley leaf tissues with orthovanadate (500 
µM to 1000 µM, pH not adjusted) inhibited photosynthetic parameters and sucrose synthesis 
(Brauer and Stitt (1990). Moreover, orthovanadate (1000 µM) inhibited light-stimulated 
stomatal opening in epidermal peels of Commelina communis L. due to inhibition of the guard-
cell H+ ATPase (Schwartz et al., 1991). Evidence indicates that orthovanadate effects on 
phosphate metabolising systems can be quite detrimental to plants. However, the attainment of 
the critical inhibitory orthovanadate concentration appears to depend on other factors like the 
rate of vanadate uptake,  the possibility of intracellular reduction to vanadyl, etc.(Sklenar et al., 
1994), so the actual inhibitory effects of vanadate on phosphate metabolising systems could be 
quite insignificant. 
Some researchers hypothesised that vanadate and phosphate compete with each other for the 
same cell membrane transport system in plants (Olness, 2002) because orthovanadate repressed 
phosphate uptake in some plant species [e.g. maize (Zea mays, L.]. For example, orthovanadate 
inhibited phosphate uptake by aged potato discs with a maximum effect at 500 μM (equivalent 
to 58% inhibition) at pH 6.5 (Poder and Penot, 1992) in which orthovanadate acted as an 
effective inhibitor of the plasma membrane ATPase. Root tissues exposed to orthovanadate, 
caused a reduction in the capacity of phosphate uptake (Sklenar et al., 1994) at pH 6 in maize. 
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Further, chickpeas (Cicer arietinum L.) seedlings exposed to lower VO4
3- concentrations in 
solution had increased tissue phosphate concentrations at pH 6.5; whereas chickpeas seedlings 
exposed to higher VO4
3- concentrations in solution had decreased tissue phosphate (Imtiaz et 
al., 2017). However, in Lemna gibba, Ullrich-Eberius et al. (1989) found that ortho vanadate 
only slightly and non-specifically inhibited the 2 phosphate transport systems (i.e. high affinity 
and low affinity systems) suggesting that vanadate was not transported via the same carriers as 
phosphate. Further investigations need to be done to understand the varying effects of V on 
phosphate metabolising systems taking into account the varying chemistry of vanadate with 
changes in physiological solution conditions. 
 
2.10.2 Vanadium effects on gene expression 
Exposure to V triggered changes in the transcription level of several genes related to cellular 
metabolic process, response to stimulus and transporters. Molecular genetics studies have 
shown that V caused G2/M cycle arrest through reactive Oxygen Species (ROS) mediated 
reactions in the work done using human epithelial cells by Zang et al. (2001). Results 
demonstrated that among ROS, H2O2 to be the species responsible for V-induced G2/M phase 
arrest.  
Vanadium demonstrated its effects by affecting gene expression regulating hormone and 
biosynthetic pathways. In rice, V up-egulated levels of gene expression of many vital genes 
responsible for important functions were observed (Lin et al., 2013) in response to V stress. 
Signalling and biosynthesis of auxin, Absisic acid (AA) and Jasmonic acid (JA) was elevated 
in V treated roots (Lin et al., 2013). Auxin-related gene expression is usually altered by abiotic 
stress factors such as drought, increased salinity, and cold. Potter and Fry (1994) suggested that 
V stress induced alteration in levels of auxin may result in reduced cell elongation and reduced 
root growth. This may partly explain the hindered root growth caused by vanadium 
phytotoxicity (Lin et al., 2013).  
Several membrane transporters were shown to get affected as a response to metal stress caused 
by vanadium. Vanadium markedly downregulated the expression of divalent cation exporters, 
drug and metabolic transporters and DMT and Zip (Zinc Iron Permease) transporters (Lin et 
al., 2013). Authors hypothesized that downregulation of ZIP plays an important role in the 
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suppression of essential trace elements accumulated in the v treated rice roots (Lin et al., 2013) 
but no work has been done since then to understand v effects on gene expression in plants.  
2.10.3 Vanadium induced cellular oxidative stress 
Reactive oxygen species (ROS) formed in response to exposure to excess metals causes 
oxidative cell death and retard plant growth by upsetting metabolic activities of cells. In 
response to ROS production, plants activate their antioxidant defense systems to scavenge ROS 
which is comprised of enzymes such as superoxide dismutase (SOD), catalase (CAT), 
peroxidase (POD), glutathione reductase (GR) (Chary et al. 2008). At higher concentrations, 
V became toxic to plants by producing excessive reactive oxygen species (ROS) which induced 
oxidative stress damage in plants (Abedini et al., 2018; Imtiaz et al., 2015b; Vachirapatama et 
al., 2011). For example, V toxicity in chickpea (Cicer arietinum L.) genotypes induced ROS 
production, increased enzyme activities of SOD, CAT, and POD and caused membrane damage 
and cell death (Imtiaz et al., 2015b). They also found that ~ 500 µM NH4VO3 caused more 
toxicity than an equal concentration of Na3VO4 at pH 6.5.  A recent study aimed at investigating 
the effects of NH4VO3 (64 - 294 µM) on antioxidant systems in sunflower (Helianthus annuus), 
showed that V induced oxidative stress and increased the activity of (Guaiacol) peroxidase; 
another  antioxidant enzyme (Abedini et al., 2018). Variability in results suggests the 
differences in species selection and V concentration in turning on the ROS detoxifying 
response in plants. These results indicate that oxidative stress may play a key role in vanadium 
induced toxicity and cellular damage. 
2.10.4 Ultra-structural changes driven by V toxicity 
Vanadium in excess supply to plants caused numerous ultra-structural changes in root and leaf 
tissue morphology in bean (Phaseolus vulgaris)(Saco et al., 2012); e.g. cell plasmolysis, 
alterations in the vacuole morphology, increased the width of the intercellular spaces of the 
roots. Similar symptoms were developed in pea (Pisum sativum) and cotton (Gossypium sp.) 
exposed to tungsten (Adamakis et al. 2008). Further, decomposition of middle lamella and 
distension of cell walls was observed in the cortex cells of Thlaspi caerulescens grown in the 
presence of Cd (Wójcik et al. 2005). Vanadium driven cell wall alterations could be due to 
vanadyl cations reacting with negative charged pectic substances in cell walls similar to what 
occurs in Al toxicity (Blamey and Dowling, 1995).  Electron microscopy revealed significant 
differences in leaf mesophyll cells in plants receiving different VOSO4 concentrations in bean 
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(Saco et al., 2012). Vanadium toxicity also lead to thylakoid disorganisation resulting in larger 
chloroplasts containing excess starch that were also fewer in number in bean (Saco et al., 2012).  
Similarly, V caused ultrastructural changes in green algae from which higher plants are 
considered to have evolved. Green algae and land plants indeed share similar characteristics in 
structure and functions of photosynthetic tissue.  Thus, cells of the green alga Chlorella fusca 
revealed damaging effects of V; e.g. swelling of thylakoid membranes, inhibition of 
chlorophyll biosynthesis, etc. These findings suggest possible changes in photosynthetic 
activity in plants that are induced by V toxicity. One of the effects of V is the inhibition of 
mitotic cell division (Meisch and Benzschawel, 1978). Vanadium interfered with enzymes 
involved in cell division to the point that multinucleate cells developed (Meisch and 
Benzschawel, 1978).  
 
2.11 Vanadium toxicity based on oxidation state/ionic species  
For environmental chemists and biologists, the most important oxidation states of V are 
V(V)(vanadate anion) and V(IV) (vanadyl cation) as they are the most bioavailable forms of V 
in soil. Toxicity caused by V (IV) and V(V) appears to be different due to differences in the 
geochemical properties of the 2 ionic species. Vanadate has been identified as the more toxic 
form of V of the 2 redox forms by various researchers (Roberts et al., 2016; Vachirapatama et 
al., 2011). Under oxidising conditions, metavanadate [V(V)] is the most mobile form of V that 
occurs in soil (Morrel et al., 1983) which makes metavanadate more accessible to plants. Under 
reducing conditions, vanadyl cation [V(IV) ] is more abundant in soil but it usually occurs 
bound to soil organic matter etc. (see section 2.4.2 for details).  For this reason, vanadyl cation 
is generally less mobile than the vanadate anion. 
Vanadium toxicity has been studied using both vanadate and vanadyl species.  Results of such 
studies have produced mixed results. For example, Willsky et al. (1984a) found that vanadyl 
cation to have growth stimulatory effects in whole cell experiments conducted using yeast cells 
while vanadate anion to have an inhibitory effect. Further, vanadate (V) was recognised to be 
a potent inhibitor of several of Na-K ATPases enzymes, which were largely unaffected by the 
reduced form of V (Macara, 1980). Morrel (1986) and observed no significant difference 
between the uptake rates of vanadyl cations and vanadate anions. 
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2.12 Vanadium phytotoxicity: Previous studies conducted in solution 
culture 
Vanadium toxicity has been well demonstrated under experimental conditions (in vitro) in 
plants (Warington, 1956; Welch et al. 1973; Wallace et al. 1977; Hara et al. 1976; Basiouny, 
1984; Morrel et al., 1986; Wang and Liu, 1999; Olness et al. 2005; Saco et al., 2013; Yang et 
al., 2017) (Table 2.1) but the toxicity mechanisms are not fully understood.  Only a few 
research has investigated underlying mechanisms of V toxicity (Morrel, 1986; Kaplan et al., 
1990; Olness et al., 2001; Imtiaz et al., 2017). We currently do not have a clear understanding 
of if V toxicity results either from a direct interaction of V with plant metabolism or from an 
interaction of V with plant nutrients.  
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Table 2.1 A summary of major V phytotoxicity studies carried out prior to date in solution culture 
Test sp. 
V 
source 
pH 
 
Type of culture 
Sufficient/ 
beneficial 
dose 
Toxic dose Toxicity symptoms References 
Scenedesmus 
obliquus 
(green alga) 
NH4VO3 6.7 Modified Hoagland’s 0.39 –1.96 µM Not recorded Significant growth enhancement  
(Arnon and Wessel, 
1953)  
Glycine max, 
Linum 
usitatissimum, 
Pisum sativum 
VOCl2 NA 
Rothamsted solution 
with KCl to 
compensate for loss 
of K 
- 
48 µM ,  96 
µM 
deepening of colour in the shoots, stunted 
growth, apical iron-deficiency chlorosis 
(Warington, 1956)  
Astralagus 
preussi 
NH4VO3 NA Not found 
20 µM  
solution, no 
effect 
196 µM , 392 
µM  solution 
stunted growth, noticeable reddening of the 
lower stems, and later the leaf tips, 
(Cannon, 1963)  
Lactuca sativa 
L., 
Lycopersicon 
escu- lentum 
Mill. 
NH4VO3 NA Huffman, 1973 < 0.78 µM - Not observed  
(Welch and Huffman, 
1973) 
Phaseolus 
vulgaris 
VO3
- NA Not known - 100 µM Smaller plants but no chlorosis.  (Wallace et al., 1977)  
Brassica 
oleracea 
VCl3 5 
Conc. µM: NaNO3-
588, 
Na2HPO4.12H2O- 56, 
K2SO4-287, 
CaCl2.2H2O- 680, 
MgSO4.7H2O-203 
- 
≥8 µM 
 
Reduced growth, apical iron-deficiency 
chlorosis 
(Hara et al., 1976)  
Lycopersicon 
esculentum 
NH4VO3 NA 
(Hoagland and Arnon, 
1950) 
4.9 µM NA 
V increased growth,  induced chlorophyll 
formation and Fe metabolism 
(Basiouny, 1984)  
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Test sp. 
V 
source 
pH 
 
Type of culture 
Sufficient/ 
beneficial 
dose 
Toxic dose Toxicity symptoms References 
Glycine max VOSO4 5.5 
50% strength 
Hoagland solution 
NA 
59 µM, 118 
µM 
Stunted growth, apical chlorosis, reddening 
of shoots, necrosis and loss of secondary and 
tertiary branching of the root 
(Kaplan et al., 1990)  
Cuphea sp.  
Vanadate
/ VO3
- 
6.75 
Conc. µM: Ca2+ 1240, 
MgSO4 346 or 1380, 
K+ 7190, NH4 + 3170, 
SO4 2− 705 or 2085 
NO3 − 5560, HPO4 2− 
3230, Mn 5.22, Zn 
0.441, Cu 0.199, Fe 
10, EDTA 10.4, Cl 
10.4, B 26.4, Mo 
0.287 
 
NA ≥15 µM 
stunted growth, loss of secondary and tertiary 
branching of the root 
(Olness et al., 2005b)  
Phaseolus 
vulgaris L 
VOSO4 4.5–6.5 Not specified 80 µM - 
Root development and weight accumulation 
in shoots and roots 
(Martin and Saco, 
1995)  
Salicornia 
virginica 
VOSO4 NA 
100% strength 
Hoagland’s nutrient 
solution salinized 
with 8000 ppm NaCl 
- 
706 µM -1059 
µM 
no biomass losses, low % shoot water content, 
low stem width and increased total 
Chlorophyll  
 
(Rosso et al., 2005b) 
Phaseolus 
vulgaris L. 
VOSO4 4.5 - 6 Not specified NA 160 - 400 µM 
thicker roots, a less developed main root, and 
a smaller number of secondary roots, 
thylakoid disorganisation 
(Saco et al., 2012)  
Cicer 
arietinum L. 
NH4VO3 
and 
Na3VO4 
6.5 
20 % Hoagland 
Nutrient solution 
- 
490 µM 
NH4VO3  
Na3VO4 
 
V reduced growth, increased anti-oxidant 
enzymes and reduced protein synthesis 
(Imtiaz et al., 2017)  
Opuntia 
microdasys 
NaVO3 6.5 
50% modified 
Hoagland solution 
(Hoagland and Arnon 
1950) 
50 µM - 981 
µM 
- 
Low cladode biomass, root length and plant 
height 
(Yang and Tang, 
2015)  
Helianthus 
annuus cv. 
Dorsefi) 
NH4VO3 5.8 
50% Hoagland 
solution (1-7 days), 
full strength 
Hoagland solution (8-
1 days) 
- 
64 µM - 294 
µM 
V significantly reduced biomass and 
increased antioxidant enzymes activities  
(Abedini et al., 2018)  
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Distinct differences have been observed by various research groups who studied V toxicity 
response of plant species at different solution V concentrations.  For example, NH4VO3 did not 
cause visible toxicity symptoms in Lycopersicon esculentum below 0.78 µM V in solution 
(Welch, 1973) but caused a stimulatory effect at 4.9 µM (Basiouny, 1984) by increasing growth, 
inducing chlorophyll formation and Fe metabolism (Table 1.1). Hence, in Lycopersicon 
esculentum, V toxicity response seems to vary with the solution V concentration. However, in 
Phaseolus vulgaris, 80 µM of VOSO4 (Martin and Saco, 1995) caused growth stimulation, root 
development and weight accumulation in shoots and roots but 160 µM (Saco et al., 2013) caused 
toxicity by forming thicker roots, less developed main root, smaller number of secondary roots 
and thylakoid disorganisation. Therefore, toxicity onset of V(IV) in Phaseolus vulgaris appears 
to occur at a solution concentration between 80 µM and 160 µM.  
Generally, there is greater variability in the findings across different studies investigating V 
toxicity response of species in solution culture. Several factors that contribute to such variability 
can be identified; namely (i) source of V/ oxidation state of V (ii) test plant species and (iii) 
variations in nutrient solutions e.g. type of nutrient solution and ionic strength of species, pH, 
types of buffers and metal chelators used, frequency of recycling of solutions, etc. (Table 2.1). 
For example, nutrient solutions were not recycled over the entire duration of the experimental 
period in those experiments done by (Kaplan et al., 1990; Martin and Saco, 1995; Rosso et al., 
2005a; Saco et al., 2012) which could have affected the precision of the results.  Further, nutrient 
solutions contained a very high P concentration (3230 µM HPO4 
2−) in those used by Olness et 
al. (2005a) to investigate V toxicity response in cuphea. 
Researchers have reported a great variability in the sensitivity of plant species to different V 
species. For example, Phaseolus vulgaris exposed to 100 µM VO3
- in the nutrient solution 
(Wallace, 1977) resulted in reductions in the dry matter although 80 µM of VOSO4 caused 
growth stimulation, root development and weight accumulation (Martin and Saco, 1995). Plant 
species selection also plays a significant role in determining V phytotoxicity. In cuphea, VO3
- 
reduced growth significantly ≥15 µM (Olness et al., 2001), in soy bean VOSO4 caused toxicity ≥ 
59 µM (Kaplan et al., 1990), in cabbage VCl3 caused toxicity ≥8 µM (Hara et al., 1976) and in 
pea, soybean, and ﬂax VOCl2 caused toxicity at 48 µM and 96 µM (Warington, 1954, 1956). 
Since different V species appear to cause toxicity by different mechanisms, it is inaccurate to 
compare the toxicity response of plant species to different V species. For example Olness et al. 
(2005a), compared the toxicity response of cuphea using vanadate as the test V species with the 
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toxicity of Maize to V(V) carried out in sand culture solution culture (Singh, 1971) and the 
toxicity of cabbage to V3+ in solution culture (Hara et al., 1976) (Table 2.1). 
Some species have been able to tolerate greater micro molar concentrations of V. As reported by 
Cannon et al. (1963), more than 196 µg µM of NH4VO3 in nutrient solution was harmful to 
Astralagus preussi; the V accumulator. Vanadium (IV) induced shoot mortality, stunting and 
chlorosis in Salicornia virginica plants (Rosso et al. 2005) between 706 µM and1059 µM but 
that did not cause biomass losses. However, V reduced % shoot water content, reduced stem 
width and increased total Chlorophyll pigments. The variability in the response to V stress 
suggests different mechanisms of action in species (Rosso et al., 2005). Plants may be more 
sensitive to one or more of the oligomeric forms, and differences in their relative intensity may 
also explain the differences obtained by the various research groups (Olness, 2004).  
2.12.1 Chelator buffered nutrient solutions and conventional nutrient 
solutions 
Nutrient solution cultures have been commonly used for investigating phytotoxicity of V. 
Nutrient solutions are used to model the soil system or more specifically of the soil solution 
(Reichman, 2002).  Unless the reaction conditions are carefully controlled (including the choice 
of buffer, pH, ionic strength), erratic and irreproducible results can be obtained (Crans, 1994). 
The composition of a nutrient solution should ideally mimic that of a soil solution (Parker and 
Norvell, 1999). In traditional nutrient solutions (e.g. Hoagland and Arnon, 1950) such nutrients 
are usually provided at few of magnitude higher than those commonly found in soil solutions 
(Kopittke et al., 2010); e.g. Hoagland’s No. 2  solution  contained about 1000 μM whereas the 
median P concentration in the nutrient solutions reviewed by Kopittke et al. (2010) had 100 μM 
as opposed to P concentration in fertilised soil solution is < 10 μM. High phosphate leads to 
precipitation of metals like Fe2+ which alters the free activity of such metals. Further, the ionic 
strengths of conventional solutions appear to deviate significantly from that of the soil solution  
(Kopittke et al., 2010; Menzies and Bell, 1988).  Furthermore, it is difficult to lower the activity 
of some micronutrients to deficient levels in conventional nutrient solutions (Bell et al., 1991; 
Norvell and Welch, 1993). To overcome these problems, dilute nutrient solution cultures 
(Reichman, 2002) have been formulated. Chelator buffered dilute nutrient solutions, provides 
plants with nutrients in the ratio in which they are found in the soil solution (Kopittke et al., 
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2010).  The required activity of free metal ion is achieved by the use of a suitable metal chelating 
agent such as EDTA, diethylenetriaminepentaacetic acid (DTPA), ethylenediamine- N,N′,N′-
triacetic acid (HEDTA), etc. in chelator buffered dilute nutrient solutions (Bell et al., 1991; 
Parker et al., 1994). The required concentration of chelating agents and micronutrients can be 
determined using a computerised chemical equilibrium models such as GEOCHEM (Parker et 
al., 1994), MINEQL, MINTEQ, and Geochemist’s Workbench. For this reason, the results 
obtained using chelator buffered nutrient solutions are quite reproducible.  
2.12.2 Directions for preparation of chelator buffered nutrient solutions to 
investigate V toxicity 
Appropriately designed biological experiments allow accuracy and reproducibility. The choice 
of a suitable metal chelator and a pH buffer are important when vanadate has been added to the 
nutrient solutions as many synthetic and biological chelates form stable complexes with 
vanadate. Further, concentrated stock solutions of vanadate need to be prepared with caution to 
avoid erratic results. 
Most of the previous experimental work on V phytotoxicty has been conducted using 
conventional nutrient solutions. Ethylenediaminetetraacetic acid (EDTA) has been used as an 
Fe2+ chelator without acknowledging the fact that EDTA forms an extremely stable 1:1complex 
with vanadate (Crans, 1994). The presence EDTA in the nutrient solution reduces the free 
vanadate concentration (Crans, 1994). Indeed, Morrel (1986) demonstrated that the uptake of the 
vanadate and vandyl anions were decreased in the presence of EDTA.  
Studies have been conducted on V and other ligand complexes analogous to EDTA including 
those of N-(hydroxyethylamine) ethylenediamine- N,N′,N′-triacetic acid (HEDTA) (Wu et al., 
2016). According to Wu et al. (2016), V–HEDTA complexes are weaker than the V-EDTA 
complexes [log β, V-HEDTA-complex (pH=5.5 and 9.7) =13; log β, V-EDTA-complex=18)]. 
Hence, HEDTA is a better Fe2+ chelator than EDTA to be used in vanadate containing nutrient 
solutions. To the best of author’s knowledge, a comprehensive V toxicity study using a suitable 
chelator buffered nutrient solution is not documented in the literature.  
The pH of the nutrient solution is often kept constant by the addition of a buffer. In studies with 
vanadate the addition of a buffer can be a problem because vanadate has been shown to interact 
with many buffers. In general, HEPES is the best buffer for studying vanadate chemistry and the 
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effects of vanadate on reactions not involving redox chemistry (Crans, 1994). However, HEPES 
has a low affinity for Fe (Yoshimura, 1992). Vanadate may form complexes with MES buffer 
(2-[N-morpholino]ethanesulfonic acid) only at high concentrations and hence when used in 
modest concentrations this buffer would be appropriate (Crans, 1994). Vanadate also forms 
strong complexes with citric acid (Orlov et al., 1959) (Crans, 1994; Crans et al., 2004) which is 
a common constituent of root exudates. Hence, replenishing the nutrient solutions as often as 
necessary would decrease interferences from citric acid.  
Concentrated stock solutions of vanadate contain a mixture of labile oxovanadates based on the 
rate of attainment of composition, pH, temperature and ionic strength dependent equilibria. When 
the V stock solutions are concentrated, condensation and hydration reactions are very slow to 
reach equilibrium at neutral pH (Welch, 1973). Therefore, vanadate stock solutions need to be 
equilibrated for long periods if they are prepared at neutral or basic pH levels. If the stock 
solutions are prepared at low pH, they need to be heated to dissolve the orange vanadate decamer 
that is formed by the addition of acid (Crans, 1994). 
2.13  Vanadium uptake and translocation mechanisms in plants 
Vanadium uptake mechanisms in plants have not been the subject for a decent review since 
Morrell et al. (1986) published the findings of his doctoral thesis (Morrel, 1986) in “Vanadium 
uptake by higher plants: some recent developments”. Prior to Morrell et al. (1986), Welch (1973) 
tried to elucidate some aspects of V uptake mechanisms in plants by explaining absorption 
kinetics and the effects of pH, metabolic inhibitors and other anions and cations for his work 
done using excised barley roots.  In order to provide a comprehensive understanding, we have 
compiled and analysed data from many isolated studies conducted between 1973 and 2019 and 
tried to summarise mechanisms by which plants seem to uptake and translocate V.  
2.13.1 Absorption/uptake 
Only a handful of studies have investigated the processes involved in V absorption and 
accumulation processes. Therefore, little is known about V uptake by plant roots. According to 
the findings of previous research, several factors appear to affect the absorption rates of V in 
roots; e.g. V source, pH, availability of chemical energy (role of metabolism) and the presence 
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of other free cations and anions and complexing ligands (e.g. Ca2+, phosphate, chelating agents 
etc.) which have been further discussed below. 
2.13.1.1 Vanadium source  
Vanadium present in the soil is taken up by the plants either in the tetravalent or pentavalent form 
(NRCC, 1980).  Only limited information is available regarding uptake rates of different V 
sources. Absorption experiments conducted using labelled V(V) from either NaVO3 or NH4VO3 
sources in excised barley (Hordium vulgare L.) roots gave similar results (Welch, 1973). Further, 
Morrell et al. (1986) found that uptake rates (as well as translocation rates) of the 2 ionic forms 
vanadate and vanadyl supplied at 0.1 mM concentration in solution to be similar in maize (Zea 
mays L.) roots.  Thus, increased uptake rates of both oxidation states were observed as the rate 
of supply increased. No study has been to validate Morrel’s (1986) findings. 
2.13.1.2 pH  
Absorption of V ant roots is highly pH-dependent (Morrell et al., 1986; Ullrich-Eberius et al., 
1989; Welch, 1973). Vanadate uptake rate varies with pH depending on the oligomeric form of 
vanadate present at that pH and by the ability to preferentially uptake certain species (Ullrich-
Eberius et al., 1989). Vanadate uptake fastest at pH 4 and dropped to a very slow rate by pH 10, 
being relatively constant between pH 5 and 8 at which the V03
- ion is the predominant ionic 
species in solution. This effect of pH on absorption is due to the ionic form in which V is present, 
with VO2
+ predominating at pH 4, HVO3 predominating between pH 4 and 5, VO3
- 
predominating between pH 5 and 8, and HVO4
2- predominating at pH 9 to 10 (Welch, 1973). The 
VO2
+ form that predominates in acid soil is taken up by plants far more readily than the other 
forms that predominate in neutral and alkaline soils (Welch, 1973). According to Ullrich-Eberius 
et al. (1989), metavanadate; the principal ionic form V is present under physiological conditions, 
undergoes hydrolysis to form orthovanadate during uptake and that uptake rates depend on 
orthovanadate to metavanadate ratio. Thus, at high pH (pH=8), vanadate transport across 
membranes in Lemna gibba got completely abolished though the higher the pH, the higher the 
ratio of orthovanadate to metavanadate. 
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2.13.1.3 Metabolic energy expenditure 
 
Little is known about the passage of vanadate and metabolic energy coupled with such uptake. 
Limited work conducted to date provides varying results. According to Welch (1973), excised 
barley roots exposed to 0.5 and 100 uM vanadate in solution, the absorption rate followed a linear 
function.  As the rate of  absorption did not follow saturation kinetics nor anaerobic treatment 
with N2 gas inhibit V absorption nor similar ions interfere with the uptake appreciably, absorption 
of V seemed to be a passive process driven by some mechanism coupled with diffusion (Welch, 
1973). Welch (1973) suggested that the changes in the chemical form of V taken up by plant 
roots supplied the means necessary to maintain a gradient for the accumulation of V by plant 
cells by diffusion.  
Later, Morrel (1986) interpreting results obtained by Welch (1977) suggested that for V uptake 
if no interference occurred by the presence of other similar ions in excised barley roots by, a 
carrier might have involved but the mode of transport could still be either passive or active. 
Further, passive diffusion to root tissue was agreed to be unlikely as plant root tissue contained 
much more V than the nutrient solution. Morrel (1986) using barley roots with vanadate 
concentration in solution, demonstrated the incidence of saturation kinetics > 5mM. In 
comparison, for vanadyl cations, saturation reached at a much lower concentration. He suggested 
that reduced rates of uptake at high concentrations may be due to polymerisation. At 
concentrations in which polymers are formed, plant roots could be using an alternate carrier. 
However, studies using excised roots provide limited evidence of uptake processes as they are. 
Later, Ullrich-Eberius et al. (1989)  suggested that vanadate uptake could be an H+/co-transport 
(active transport) mechanism in duck weed (Lemna gibba L.) at 1000 uM. Results suggest that 
more than one mechanism operates for the uptake of V species in plants that vary with factors 
like V source, V concentration and plant species. 
2.13.1.4 Availability of other free cations, anions and complexing ligands  
A close interaction between V with Ca has been observed by numerous scientists and many 
claims that Ca is required for the absorption of V (Cannon, 1963; Welch, 1973; Wallace et al., 
1977; Kaplan et al., 1990). There are a few suggestions on how Ca2+ affects V uptake but 
conclusive evidence is not available to date (see section 2.14.1). Similarly, soil phosphate (PO4
3-
) concentration also appears to affect vanadate (more specifically orthovanadate/VO4
3_) uptake 
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rates due to competitive effects of the known chemical analogy between the 2 V species (Imtiaz 
et al., 2017; Olness et al., 2000; Sklenar et al., 1994; Ullrich-Eberius et al., 1989) but 
experimental evidence available is of very mixed nature (See section 1.11.1). Further work needs 
to be done to understand the differential effects of different oxyanions of V on.     
Both oxidation states of V have a marked tendency to form stable chelates with a wide variety of 
organic and inorganic ligands (Morrell et al., 1983) (e.g. aldehydes, catechols, organic acids, 
amino compounds, phenols etc.). Often, the formation of a stable chelate alters the oxidation 
state of the V species; e.g. when V(V) oxidises ascorbic acid or cysteine to produce V(IV). 
According to Morrel (1986), the presence of metal chelates (e.g. glycine, citrate, EDTA) affected 
the uptake rates of vanadate and vanadyl species by excised barley roots. Hence, the amount of 
vanadate taken up by plant roots is greatly dependant on the composition of the nutrient solution. 
2.13.2 Reduction 
Many researchers have found that when vanadate ions [V(V)] enter a cell, such ions have great 
potential to undergoes reduction to form vanadyl ions  [V(IV)] driven by reducing agents present 
in the cell; e.g glutathione, catechols (Cantley and Aisen, 1979; Macara, 1980), L-ascorbic acid 
(Kustin and Toppen, 1973) aldehydes, ketones, catechols, olefins and sulphydryls (Morrell, 
1986).  
Vanadium in plant tissues existed partly in the reduced V(IV) form but the extent of reduction 
was not known (Morrel et al., 1986). The reduction of V(V) to V(IV) in plant roots was 
interpreted as a detoxiﬁcation mechanism based on the fact that V(IV) is less toxic to plants than 
V(V) (Baken et al., 2012; Morrell et al., 1986; Olness et al., 2002; Ullrich-Eberius et al., 1989; 
Yang and Tang, 2015), and that V(IV) complexes resulting from the above process was 
supposedly relatively stable. Morrell et al. (1983) suggested that this reduction was a means to 
protect plants from the ATP inhibiting properties of V(V). Further, reduction was thought to lead 
to immobilization of V within the root tissues and was presumed to be the dominant factor in 
determining the availability of V to aerial plant tissues (McPhail et al., 1982; Morrel, 1986). 
However, species vary with their ability to do this presumed detoxification (Ullrich-Eberius et 
al., 1989). Studies indicate that both V(IV) and V(V) exists in plant tissue (Deiana et al., 1988a).  
Experimental data is limited on the exact location and the extent of this reduction reaction and 
the mechanisms involved. It appears that the reduction process involved polyuronates in cell wall 
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(Deiana et al., 1983; Morrel et al., 1986; Yang and Tang, 2015). Morrel (1986) suggested that 
the reduction of V(V) to V(IV) occurred during the process of uptake into the free space of the 
root cortex of barley roots. Garau et al. (2015) demonstrated the reaction between caffeic acid 
and V(V) at the root apoplasm “in vivo” using triticale plants. Results showed the biological 
significance of polygalacturonic acid in the reduction of phytotoxic effects of the V(V)-caffeic 
acid in such reactions. It appears that there is a joint contribution of cell walls and vacuoles in V 
accumulation and detoxification in plants (See section 2.13.5). 
2.13.3 Complexation of reduced V(IV) in the root apoplasm and the cytosol  
Reduced V(IV) can form stable complexes with common biological ligands found in both cell 
walls and the cytosol; e.g. proteins, polysaccharides, catecholamines, organic acids (e.g. ascorbic 
acid, D-galacturonic acid, glutathione, citric acid, oxalic acid), NADH and amino acids 
(Chasteen, 1983; Crans, 1994; Deiana et al., 1988b; Ding et al., 1994; Micera et al., 1986; 
Morrell, 1986). Immobilisation of V(IV) due to complexation appears to occur preferably in the 
root apoplasm but also the cytosol. 
Root apoplasm represents the soil-root interface (Deiana et al., 2001) and plays an important role 
in the sorption of micro- and macronutrients by plants (e.g.  Ca2+, Mn2+ and Zn2+, Cu2+ and Pb2+ 
(Castaldi et al., 2015; Garnham et al., 1992a). According to Deiana (1983), V(IV) toxicity can 
be alleviated through complexation reactions involving phenolic substances and polyuronic 
components in the root apoplasm which lead to immobilisation of V(IV). According to Morrel 
(1986) V complexed on cell wall polysaccharides probably represents the bulk of the V in root 
tissue. Garcia et al. (2012) using plant tissue masses  showed (in vitro) that V(V) undergoes 
reduction using pectin and citric acid and the reduced V(IV) is retained bound to the cell wall 
polysaccharides. Hou et al., (2013) using fractionation of sub cellular components suggested that 
cell wall could the main V-accumulation site in Brassica juncea and Brassica chinensis.  Garau 
et al. (2015) suggested that pectic substances have an important role in the processes that regulate 
the reduction of V(V) by caffeic acid based on the findings of phytotoxicity of the caffeic acid 
oxidation in triticale using 120 µM V(V). Preferable complexation of V on cell walls does not 
preclude the fact that cytosol is another possible exclusion point as such has been observed with 
other metals (e.g. Co2+, Mn2+ and Zn2+) (Garnham et al., 1992a). Chelation of metals in the 
cytosol by high‐affinity ligands is indeed a very important mechanism of heavy‐metal 
detoxification and tolerance (Rauser, 1990). Certain plant species appear to extrude materials 
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that can chelate free vanadyl cations in the extracellular space to avoid undesirable V penetration. 
For example, McPhail et al. (1982) showed that at low rates of supply of vanadyl cations, wheat 
roots formed low-molecular-weight complexes outside the plasmalemma possibly in root free 
spaces thought to be vanadyl amino compounds resulting from the root exudation of organic 
acids and amino acids. In contrast, at high rates of supply, wheat roots formed high molecular 
weight complexes, probably vanadyl cellulose compounds.  
2.13.4 Vacuolar sequestration 
Vacuoles make up over 90% of the cell volume in most plant cells and serve as a major storing 
compartment for minerals (Pessarakli, 2002). Vacuolar sequestration has been identified as an 
indispensable component of heavy metal detoxification in plants (Sharma et al., 2016). Metal 
detoxifications mechanisms using vacuoler sequestration have been observed as a vital 
mechanism of exclusion in toxicity of many other metals [e.g.  Co, Mn and Zn (Garnham et al., 
1992b)]. For example, Zn accumulates in vacuoles (Brune et al., 1994) usually chelated by 
organic acids (Brookes et al., 1981) or precipitated as Zn-phytate (Van Steveninck et al., 1990)  
in plants. Vacuoles of root cells are another site for selective regulation of solute transport across 
the root. Vacuoles accumulate various solutes, thus removing them from the symplastic stream. 
Vacuolation has been observed as a vanadate detoxification mechanism in the methylotrophic 
yeast Hansenula polymorpha (Mannazzu et al., 1997).  
Following reduction, immobilisation of V(IV) was thought to at least partly occur intercellularly 
on vacuoles (Morrel., 1986). Mcpahail et al. (1982) suggested that some vanadyl compounds 
were possibly finally absorbed into the vacuoles within the root cells based on some indirect 
evidence. Hou et al., (2013) suggested V ions would be sequestrated in vacuoles when sites of 
cell wall are saturated in Brassica juncea and Brassica chinensis. As evidence, they suggested 
that there are also many proteins, organic acids and organic alkalis in vacuole, which can form 
chemical bonds with V ions and make ions compartmentalized in cell. Isolation and retention of 
V in root tissue in this manner are likely to occur in as only a small percentage of V is usually 
translocated to the aerial parts. Further studies need to be carried out to better understand V 
detoxification mechanisms in these species involving vacuolar sequestration.  
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2.13.5 Translocation 
Generally, in plants, the uptake of metals into the roots, the loading into the xylem and the 
acropetal transport to the shoot regulates the concentration of metals being conveyed to the aerial 
parts. Metals are moved to the leaf apoplast by mass flow in the xylem and some metals are 
absorbed into the symplast and vacuoles of leaf cells (Pessarakli, 2014) while secondary transport 
of some metals from the leaves to sinks occurs in the phloem. Hence, redistribution in the phloem 
is crucial for the distribution of metals in aerial plant parts and the accumulation in fruits and 
seeds. Some metals like Ni2+ to a greater degree and other metals like Zn2+ and Ca2+ to a lesser 
degree are phloem-mobile and directed to expanding plant parts while other metals like Fe2+ and 
Mn2+ are characterized by poor phloem mobility and are retained in older leaves (Page and Feller, 
2015). 
Only a handful of studies investigated the speciation of V in the leaves of plants exposed to V. 
For example, in Chinese cabbage leaves, 60–80% of total V contained V in leaves occurred in 
the form of V(IV) (Tian et al., 2014). The route via which uptake of V into leaves happens is not 
clear. The relative xylem and phloem mobility of V is also not known. In cucumber, the effect 
of V on the transport of organic acids (citric, fumaric and malic) in the xylem was considerably 
low compared to Pb2+ and Ni2+ (Tatár et al., 1999) which explained that only a small portion of 
V was translocated to the aerial tissue. However, some V has been found in phloem tissue (e.g. 
exudates of the inflorescent stalks) of Yucca flaccida plants.  Vanadium in the phloem exudates 
of Yucca sp. occurred in the anionic form; HVO4
2- associated with H+ (Wolterbeek and Van Die, 
1980) although inorganic ions are not abundantly concentrated in the phloem as the cations 
(Pessarakli, 2014). Further experiments need to be conducted on xylem and phloem mobility of 
V to understand V translocation mechanisms in plants.  
2.14 Vanadium interactions with soil and plant nutrients 
Increasing attention is being paid to interactions of metal ions within biological systems. 
Interactions between nutrients occur when the supply of one nutrient affects the absorption, 
distribution or function of another nutrient. In metal toxicity, depending on nutrient supply, 
interactions between metals and nutrients can cause one or more of the following; e.g. induce 
deficiencies, induce toxicities, alleviate toxicity via mobilisation, immobilisation (Fargasova, 
1998) or by improving its nutrition (Cong Tu & Lena Q. Ma, 2003), modify growth response of 
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plants etc. (Robson and Pitman, 1983). Hence, understanding of V interactions with nutrients can 
be used to understand V toxicity mechanisms in plants as well as to manage V contamination 
issues in soil or plants. 
2.14.1 Vanadium interactions with nutrients and non-nutrients/toxicants 
Vanadate, phosphate, molybdate, tungstate and arsenate oxyanions show some ability to 
substitute for each other in biochemical reactions due to similar electron conﬁgurations and 
chemical properties (Matsumoto, 1994). At least vanadium, molybdenum and tungsten cofactors 
are essential for a variety of enzymes within certain enzymes (Garner and Stewart, 2002). 
Interactions of V with a few other soil nutrients have been reported during uptake and also in the 
plant with various tissue nutrients; e.g. Mg (Olness et al., 2001), Ca (Cannon, 1963; Wallace et 
al., 1977; Peterson and Girling, 1981; Kaplan et al., 1990), Se (Cannon, 1963), Fe (Warington, 
1954; Wallace et al., 1977; Basiouny, 1984;  
Somadundaram et al., 1994), Mn and Cu (Warington, 1954; Wallace et al., 1977) , Mo 
(Amberger, 1975) and Pb (Akoumianaki-Ioannidou et al., 2016) but conclusive evidence does 
not exist. Furthermore, the nature and extent of V interactions with such nutrients are not well 
understood. Additionally, the mechanisms by which such nutrient interactions affect V toxicity 
in plants is not known. We currently do not have a clear understanding if V toxicity results either 
from a direct interaction of V with plant metabolism, or from an interaction of V with plant 
nutrients as only a few research has investigated into underlying processes (Morrel, 1986; Kaplan 
et al., 1990; Olness et al., 2001; Imtiaz et al., 2017) and the results seem largely inconsistent 
across studies. 
According to Olness et al. (2002), Within the cell, the redox potential is sufﬁcient to produce 
VO2+ ionic form from VO3
- and hence some competition of vanadyl cations might be expected 
with common divalent cations like Ca2+ and Mg2+. Further work needs to be conducted to verify 
the functional analogy between VO2+ and these divalent cations.  
Vanadium toxicity symptoms have been observed to coincide with imbalances in plant nutrients, 
more frequently for Fe2+, Ca2+, Mg2+ and P. Hence, this review will focus on V interactions with 
Fe, Ca, Mg and P only. 
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2.14.1.1 Vanadium and iron interactions 
Vanadium was thought to play a role in the metabolism of Fe in higher plants (Basiouny, 1984). 
Some research claimed that V induced Fe deficiency in bush beans (Wallace et al., 1977, Kohno 
and Foy, 1983), sweet basil (Akoumianaki-Ioannidou et al., 2016) and in soybean (Ueoka et al., 
2001) while others claimed that excess Fe alleviated V toxicity in peas and flax (Warrington 
1954) and soy bean (Warington, 1956).  Vanadium also reduced the number of chloroplasts in 
rice (Somasundaram et al., 1994); cuphea (Olness et al., 2005) and sweet basil (Akoumianaki-
Ioannidou et al., 2016) and disrupted the structure of chloroplasts in green beans (Saco et al., 
2012). Conversely, some studies indicated V increased chlorophyll pigments and leaf area in 
corn (Singh, 1971) enhanced tissue concentrations Fe in tomato (Basiouny, 1984) and soy bean 
(Warington, 1954) particularly at low concentrations (ca 5 µmol/ l).  Hence, V effects on Fe 
dynamics in plants appear to be complex which needs to be verified by further investigation. 
2.14.1.2 Vanadium and calcium interactions 
Plant species which absorbed large amounts of Ca2+ were most tolerant to high levels of V as 
observed in Astragalus pattersoni (Cannon, 1963). Within the plant roots, Ca was thought to 
form a sparingly soluble calcium vanadate (Cannon, 1963) as a partial exclusion mechanism 
(Peterson and Girling, 1981) but no experimental evidence has been presented to support this 
hypothesis. Calcium was required for maximum absorption of vanadate by bush bean roots and 
omission of Ca from the medium resulted in a 72% reduction in V uptake in excised barley 
(Hordeum vulgare L., cv. Eire) roots Welch (1973). According to Welch (1973), Ca was required 
to maintain V uptake and that V is accumulated by barley roots by a factor greater than 2. He 
speculated that the V taken up by plant cells was accumulated within the interior of the cell and 
Ca was required for retention of the absorbed V by the cells.  
Later, Kaplan (1990) noticed that both vanadyl ions (VO2+) and Ca accumulated in the roots 
while only small amounts were translocated to the aerial plant parts in soy similar to what was 
observed in Astralagus species by Cannon (1963). However, these changes in Ca concentrations, 
in turn, produced antagonistic interactions with tissue K and Mg concentrations. Thus, 
immobilization of V in the roots with the aid of Ca appears to be only a partially successful V 
detoxification strategy as it gave rise to the imbalance in other cations; e.g. K and Mg. According 
to Kaplan (1990), at least part of the detrimental effect of V on soy bean was the depression of 
Ca2+ concentrations to critical points of deficiency. Morrel (1986) did not notice this kind of V 
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and Ca interaction in corn. He attributed Cannon’s (1963) observations to the recognized ability 
of Ca to ameliorate the adverse effects of high levels of heavy metals (Garland and Wilkins, 
1981). Morrel proposed the occurrence of more than one mechanism by which calcium affects 
V toxicity in plants (1986) which have not been investigated yet.  
Later, Wilkinson and Duncan (1993) observed a linear decrease of Ca accumulation into 
Sorghum (Sorghum bicolour L.) root tips with log concentration of vanadate supplied which 
suggested that V uptake into the plant was someway related to Ca uptake. Parker and Pilbeam 
(2006) suggested that this is probably due to an effect on Ca channels that more than compensate 
for the inhibition by vanadate of the H+-translocating ATPase responsible for Ca flux. The 
underlying processes and mechanisms are yet to be investigated using appropriate techniques.  
2.14.1.3 Vanadium and phosphorus interactions 
Vanadium and P interaction has been investigated quite frequently due to electronic analogy that 
occurs between vanadate and phosphate and the ability of certain vanadates to act as phosphate 
metabolising enzyme inhibitors. After the findings of Bowman (1983) in common bread mold 
Neurospora crassa in which orthovanadate caused inhibitory effects on phosphate transport, 
biologists assumed that V uptake occurs via phosphate carriers in plants as well. For example, 
orthoanadate inhibited the rate of phosphate uptake by aged potato discs with a maximum effect 
at 500 μM (58% inhibition) (Poder and Penot, 1992) by orthovanadate acting as an effective 
inhibitor of the plasma membrane ATPase. Further, experiments conducted using purified 
plasma membrane fractions from the root tissue in maize (Zea mays, L.), showed that exposure 
to orthovanadate caused a reduction in the capacity for phosphate uptake (Sklenar et al., 1994). 
In chickpeas, addition of orthovanadate (<1000µM) induced toxic effects while higher 
concentration of phosphorus (<1180µM) alleviated orthovanadate toxicity effects (Imtiaz et al., 
2017). 
In contrast, vanadate effects on phosphate uptake show that vanadate is not as toxic as 
orthovanadate to plants. For example, in excised barley roots, vanadate uptake did not affect 
phosphate uptake appreciably (>30%) (Welch, 1973). Similarly, in Lemna gibba, V uptake was 
not significantly affected by phosphate in tissue exposed to 1000 µM V (pH 5.7) but appeared to 
occur via a carrier different to those of phosphate (Ullrich-Eberius et al., 1989). However, resin-
extracts of soil showed a correlation between yield decreases in maize as the V: (V + P) molar 
ratio increased with varying sensitivities between different hybrids of soybean (Olness et al. 
 47 
 
2002). Thus, various research groups have obtained mixed results for V and P interaction in 
plants and soil and further work is required to better understand the nature of these interactions 
and their impacts on V tolerance in plants. 
2.14.1.4 Vanadium and magnesium interactions 
Vanadium and Mg interactions in soils have been noticed (Olness et al., 2002). For example, 
using resin-extractable metals in soils in an agricultural site in western Minnesota, Olness et al., 
(2002) observed the grain yield of maize and soy bean increased as Mg increased relative to V 
in soil. However, in a study investigating V effects on tissue nutrients in sweet basil leaves, tissue 
Mg concentrations were not affected by addition of 5-40 mg /L of V as NH4VO3 to peat and soil 
mixture (Akoumianaki-Ioannidou et al., 2016). Further, V interactions with Mg in plant tissue 
has also been the subject of interest by some scientists (Olness et al., 2005a). Olness et al., (2005) 
expected competition between Mg2+ and V to diminish the negative effect of V on root growth 
and development in Cuphea when the Mg concentration was increased in the nutrient solution. 
Instead, the addition of MgSO4 in the absence of V increased total root area in Cuphea but with 
even the smallest amount of V, the root area was depressed significantly. Such interaction of V 
with Mg was unclear. Magnesium has indeed been found to alleviate plant toxicity of Al and 
other heavy metals (Rengel et al., 2015). Hence, further investigations need to be conducted to 
verify V and Mg interactions in soils and in plant tissue.   
2.15  Role of vanadium in nitrogen metabolism in legumes 
2.15.1 Effect of metals on legume-rhizobium symbiosis 
Certain metals act as grave stress factors that restrict the growth of rhizobia, legumes, and 
legume-Rhizobium symbiosis while other metals enhance the effectiveness of biological nitrogen 
fixation in legume root nodules. Toxic concentrations of metals have affected legume-rhizobia 
associations by suppressing the growth of either rhizobia or the host plant or both members of 
the association.  For example, arsenic (As) delayed nodule initiation and reduced the number of 
root nodules per plant in Soybean (Glycine max) cv. Curringa and its rhizobial symbiont, 
Bradyrhizobium japonicum strain (Reichman, 2007).  Further Cd affected nodulation 
characteristics of pea and Rhizobium leguminosarum association (Chubukova et al., 2015) and 
Cu reduced nodulation parameters in cowpea (Vigna ungulata) inoculated with Bradyrhizobium 
strain CB756 (Kopittke et al., 2007). Some metals have caused mutations in rhizobial DNA eg. 
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Al in Rhizobium and Bradyrhizobium (ref) or disturbed the community structure of rhizobia      
(Xie et al., 2015). However, rhizobial strains differ considerably in sensitivity to the applied 
concentrations of heavy metals (Miličić et al., 2006). Metal-resistant PGPR (plant growth 
promoting rhizobia) have been widely investigated for their potential to alleviate metal toxicity 
and to immobilize metals in soil (Khan et al., 2009; Zaidi et al., 2017). Vanadium toxicity in 
legumes has been well established under experimental conditions particularly at high micro 
molar concentrations (Kaplan et al., 1990; Saco et al., 2012; Yang et al., 2011). Little is known 
about how V affects legume-rhizobia symbiosis. 
2.15.2 Effect of V on legumes Rhizobia symbiosis 
Symbiosis between legumes and rhizobia plays a significant role in improving soil fertility and 
productivity in agricultural soils. Since only a handful of studies have been conducted to date, 
only limited information is available regarding the V effects on legume-rhizobia symbiosis. 
However, it has long been known that V is accumulated in roots and root nodules of legumes. 
Bertrand (1942) found that yellow lupin (Vendee) (Lupinus luteus) nodules contained twice as 
much V as the roots and that White lupin (Versailles) (Lupinus albus) contained ~70% more V 
than the roots. Kidney beans (Phaseolus vulgaris), black Tokyo soya (Glycine max) and broad 
bean (Vicia faba) etc. also contained comparable tissue V concentrations to that of roots. Further, 
certain legumes; e.g. Astralagus presussi (Cannon, 1952) reported to accumulators of V. Further, 
alfaalfa (Medicago sativa) grown in vanadium-cadmium contaminated soil had strong metal 
adaptability (up to 400 mg/kg) and high accumulation (up to 3,440.14 m/kg) of V as documented 
by (Yang et al., 2011). It was hypothesized that the strong accumulation of V in roots was related 
to rhizobia activity (Yang et al., 2011). Underwood (1977) suggested that V acts as a growth-
promoting factor and participates in fixation and accumulation of N in plants but high 
concentrations of V reduces their productivity. Supply of V (80 μM) favoured root development 
and increased tissue dry weight in Phaseolus vulgaris but did not affect tissue nitrate, nitrite, 
ammonium and total nitrogen (N) significantly (Martin and Saco, 1995). Authors suggested that 
V treatment was not detrimental to P. vulgaris, at least when the V supply was administered 
during the vegetative development of the species. In contrast, V compounds inhibited nitrate 
reductase activity of embryos of germinating wheat (Spencer, 1959). Further, sodium 
metavanadate and vanadyl chloride (pH=7.5) inhibited the activity of nitrate reductase in tomato 
leaves  (Buczek, 1973). Thus, the few studies conducted reveal contradictory results. Currently, 
little is known about how the legume–rhizobium symbiosis is affected by varying concentrations 
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of V in the substrate. To the best of author’s knowledge, no prior work has been conducted to 
assess the effect of V on nodulation characteristics in legumes. 
2.15.3 Vanadium nitrogenase  
It has long been known that V is one of the three vital biometals of biological nitrogen fixation 
for its role as metal cofactors of the alternate V nitrogenases.  Vanadium cofactors have been 
identified for 2 types of enzymes in nitrogen fixation, V-dependent nitrate reductases (Antipov 
et al., 1998); and V-nitrogenases found in several strains of nitrogen-fixing bacteria (Chien et al., 
2000). Activity of vanadium nitrogenase has been demonstrated in certain diazotrophs including 
Azotobactor vinelandii (Bishop et al., 1982), A. chroococcum (Eady et al., 1987) and 
cyanobacteria like Anabaena sp.(Peters and Mayne, 1974; Wolk and Shaffer, 1976) and Nostoc 
sp., (Hodkinson et al., 2014).  
Bellenger et al. (2008) showed that the siderophores produced in cultures of Azotobacter 
vinelandii while fixing atmospheric nitrogen under Fe limitation, form strong complexes with 
molybdate and vanadate, and that those complexes were available for uptake. Further, addition 
of siderophores rapidly reversed the effect of other natural binding compounds that made Mo 
and V unavailable for uptake.  Results confirmed the existence of 'vanadophores' in addition to 
bacterial 'molybdophores'. The bacteria had the ability to modulate excretion of catechols 
siderophores and the uptake of the V-catechol complexes which allowed A. vinelandii to 
precisely manage its V homeostasis over a range of V concentrations, from limiting to toxic. 
High-afﬁnity uptake system for vanadate has been found in the N2-ﬁxing cyanobacterium 
Anabaena variabilis. These bacteria had an alternative V-nitrogenase that has V in place of Mo 
in the cofactor (Chein et al., 2000) which functioned only under strictly anaerobic conditions in 
vegetative cells and heterocysts (Theil et al., 1997; Brenda et al., 2006). However, the vnf genes, 
which encode V-nitrogenase, were completely repressed by molybdate, if such cells were starved 
for molybdate, the vnf genes were expressed (Brenda et al., 2006). Evidence suggested that 
nitrogen fixation by alternative pathways may be more frequent than previously suspected 
(Bellenger et al., 2008).  
Shibuya and Saeki (1934) found that V has no direct effect on leguminous host, but stimulates 
plant metabolism through its effect on the activity of Azotobacter. Nicholas (1975) hypothesized 
that V in small amounts may substitute for Mo in several plant metabolic pathways, including N 
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fixation and nitrate reductase. However, Dilworth and Loneragan (1991) demonstrated that an 
alternative nitrogenase was not expressed in molybdenum-deficient legume root nodules in the 
three legume root nodule bacteria systems Medicago potymorpha h.-Rhizobium melitoti, 
Ornithopus sativus Brot.-Bradyrhizohium lupini and Trifolium subterraneum L.- Rhizobium 
leguminosarum bv. trifolii) species. 
2.16  Conclusions and future directions 
Many V adsorption reactions seem to regulate soil V bioavailability in soil. Bioavailable V 
fraction is quite low in comparison to background soil concentrations. The nature of soil V and 
plant interactions is the key factor that determines V uptake strategies and V toxicity responses 
in plants. Vanadium toxicity response in plants is essentially determined by the bioavailable V 
species present in soil solution rather than the total V concentration.  Only limited information is 
available regarding V bioavailability and many studies only investigated the effects of total V 
concentrations.  
Mixed results have been presented regarding uptake rates and toxicity effects of V in plants as 
such studies have examined a variety of different V species under a variety of different 
conditions; e.g. vanadyl cation/VO2+, metavanadate /H2VO4
- / orthovanadate/VO4
3_, etc. 
Generally, V occurs as vanadyl cations or as a mixture of vanadate oxyanions in soil solution but 
metavanadate monomeric anions appear to be the most common form of V present under 
physiological pH conditions. Therefore, research should focus more on understanding the effect 
of metavanadate on plants. Change in proportion of vanadate monomer to insoluble V oligomers 
(e.g. decavanadate) due changes in nutrient solution conditions (e.g. total V concentration, pH, 
redox potential, presence of complexing ligands etc.) appears to have affected inconsistency of 
V toxicity responses observed in those plants studied in solution culture . Hence, when studying 
metavanadate toxicity using solution culture, one must take tight control of the conditions (see 
section 2.12.2) to maintain V bioavailable in the desired ionic species in order to obtain accurate 
and reproducible results.   The author recommends to use chelator buffered nutrient solutions 
with N-(hydroxyethylamine) ethylenediamine- N,N′,N′-triacetic acid (HEDTA) as an Fe 
chelating ligand in nutrient solutions investigating V toxicity. 
Further, after a thorough investigation of available literature dating from 1942 to 2019, the author 
has compiled a summary of V uptake and translocation mechanisms in plants.  The current review 
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is the most comprehensive of its kind conducted on V toxicity mechanisms in plants after the 
work of Morrel (1986) in which most of the work has not been validated to date.  
According to the findings of previous work, V caused a growth enhancement in certain plant 
species under low micro molar concentrations (20< µM) but the mechanisms were unclear. Such 
growth stimulatory effects appear to be the reasons why V has been recognised as a beneficial 
element by certain researchers. The author reviewed previous work conducted on blue green 
algae in order to assign a role for V in higher plants in connection to a role in Fe metabolism or 
photosynthesis. More tests need to be conducted using chloroplast extracts etc. of higher plants 
to better understand the beneficial effects of V on photosynthesis etc. Furthermore, V appears to 
affect the bioavailability of other soil nutrients; e.g. Ca, Fe and possibly P during uptake and vice 
versa in soil. Vanadate interactions with Fe, Ca, and N (in legumes) in plant tissue also appear to 
be of significance to V toxicity but only a little is known about such interactions. For example, 
no experimental evidence is available to support the claims that vanadate forms an insoluble 
precipitate with Ca as a detoxification mechanism. Further, to the best of the author’s knowledge, 
no study has been conducted to investigate the effects of V on nodulation characteristics and N 
metabolism in legumes although several reports suggest the occurrence of such effect based on 
studies using background soil V concentrations. Thus, as discussed throughout this review, 
plenty of work needs to be done to gain a better understanding of V toxicity mechanisms in plants 
to be able to design successful strategies enabling management of V toxicity in soils and plants. 
  
 52 
 
        CHAPTER 3  
3. VANADIUM (V) TOXICITY: V UPTAKE, 
BIOACCUMULATION AND TRANSLOCATION 
CHARACTERISTICS IN WHEAT AND COMMON BEAN 
 
3.1 INTRODUCTION 
Current literature suggests that natural V cycles have been markedly disturbed by man (Hope, 
1997). Most of anthropogenic V derives from waste products generated by oil refineries, coal-
powered power stations and steel industry. Although V pollution appears to occur mostly on a 
local scale, increased levels of V in soil is a great concern (Hope, 1997b; Larsson et al., 2017) 
for its proven toxicity to biological systems. 
Vanadium toxicity has been observed in plants growing close to V mines (Panichev et al., 2006) 
and industrial plants burning V-rich fossil fuels (Yang et al., 2014). Further, V toxicity has been 
well demonstrated under experimental conditions (in vitro) (Basiouny, 1984; Hara et al., 1976; 
Martin and Saco, 1995; Morrell et al., 1986; Olness et al., 2005b; Saco et al., 2012; Wallace et 
al., 1977; Warington, 1956; Welch, 1973; Yang and Tang, 2015).  It is also thought that V 
stimulates plant growth particularly at low concentrations (1 µM - 5 µM) (Basiouny, 1984; Singh, 
1971). For this reason, V has been identified as a beneficial element in plants by some researchers 
(Barker and Pilbeam, 2016). However, the changes in V uptake, bioaccumulation and toxicity 
response with changing in V concentration in solution is unclear.  
This study aimed to understand the V(V) uptake, bioaccumulation and translocation processes in 
plants and to evaluate changes in V toxicity response with changing V concentration in solution  
from 8 to 512 µM using wheat (Triticum aestivum L. cv. Spitfire) and common bean (Phaseolus 
vulgaris L. cv. Bean Bush Blue Lake). Findings of this study will contribute towards a better 
understanding of the V toxicity mechanisms in plants. 
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3.2 Methods 
3.2.1  Plant growth, harvesting activities and bulk metal analysis 
The dose dependent growth response of wheat (Triticum aestivum L. cv. Spitfire) and common 
bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake) to V(V) was studied in a Conviron 
Adaptis environmentally controlled growth chamber using chelator buffered nutrient solutions. 
The experiment consisted of nine V(V) treatments (0, 8, 16, 32, 64, 128, 256, 384 and 512 µM 
of NaVO3 (> 99.9 % purity, Sigma–Aldrich) with three replicates of each treatment conducted 
in a completely randomised design.  
First, seeds were surface-sterilized in 0.4 M NaOCl for 15 min and then placed on germination 
towels rolled and moistened with tap water and placed upright in a tall 1.5 L container beaker 
approximately ¼ filled with tap water in the Conviron Adaptis growth chamber set at 12 h (dark), 
18 °C: 12 h (light ca. 460 micromoles m-2 sec-1), 22 °C temperature and light regime, 65% 
humidity for 4 d for wheat and for 8 d for bean. Seedlings were then transferred to 2 L 
polypropylene pots covered with black polythene and filled with a chelator buffered nutrient 
solution (Pedler et al., 2000; Reichman and Parker, 2007a). Seedlings were placed vertically in 
place inside a polypropylene tube using a square of foam and then fitted into small holes in the 
lids of each container. Ten wheat seedlings or five bean seedlings were planted per pot. The 
nutrient solution in each pot was continuously aerated by an aquarium air stone (Kordon, 
Novalek Inc, Hayward, CA, USA) connected to a silicon tube carrying filtered compressed air 
placed through a hole in the lid.  
All chemicals used for this study were of Analytical Reagent grade or Trace Metal grade. Basal 
nutrients were supplied as (µM): NO3
-, 4800; NH4
+, 200; P, 80; K, 1080; Ca, 1800; Mg, 500; 
Mn, 0.6; Zn, 8; Cu, 2; B, 10, Mo, 0.1; Ni, 0.1; and Cl, 21.4. The solutions contained 35.7 µM 
hydroxyethylethylenediaminetriacetic acid (HEDTA) (representing a 25 µM excess above the 
sum of the Mn, Cu, Zn and Ni concentrations) to control trace-metal activity. Seedlings were 
grown in complete solution culture that contained 75 µM Fe as FeCl3 plus another 75 µM 
HEDTA to buffer the Fe activity. The possibility of vanadate forming a complex with HEDTA 
(pKa = 0.5) (Wu et al, 2016) was ruled out as the Fe3+ forms a more stable complex with 
HEDTA3- (pKa= 19.8) under the experimental conditions (Martell and Smith, 1977). To buffer 
the solution culture at pH 6.2 ± 0.2, the solution contained 1mM 2-(N-morpholino) 
ethanesulfonic acid (MES) buffering agent and 0.5 mM NaOH. Vanadium treatments were added 
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using 3-day old V stock solutions 24 hours after seedlings had been transferred to the nutrient 
solutions. Experimental pots were placed in 2 shelves of the growth chamber in a completely 
randomized design using a random sequence generated by Microsoft Excel 2010. Daily 
measurements of pH were made and the pH adjusted, as necessary, with 0.1 M NaOH or HCl. 
Solutions were renewed on days 8, 15 and 18 after the seedlings were transplanted. Experimental 
pots were re-randomized on days 8, 15 and 18. Plant morphology and symptoms were recorded 
daily. 
Plants were harvested on day 21 after transplanting shoots and roots were harvested separately 
from each of the plants in the same treatment pots, and they were composited and homogenized. 
Tissue samples were rinsed sequentially, in 2 % Decon (Sigma-Aldrich), in tap water, 2 by tap 
water and an ultrapure (18MΩ.cm) water rinse. For wheat, mature leaves (first leaf) L1 and L2 
(second leaf) and green leaves were separated. Then different tissue samples were placed in paper 
bags and dried at 70 ºC for 48 h. Oven dried shoot and root samples were weighed and then 
ground to a fine powder using a coffee grinder. Approximately 0.2 g of ground tissue samples 
were digested using 5 ml of 70% concentrated nitric acid in a digest block at 115 0 C for 4 hours. 
The mixture was cooled for 15 minutes and 1 ml of 30% H2O2 was added and boiled again for 
15 minutes (Sah and Miller, 1992). About 10% of random samples were analyzed in duplicate. 
Standard reference material NCS ZC73018 (GSB-11) Citrus leaves was used for quality 
assurance of data. About ten percent of random sample blanks were run simultaneously for each 
batch of samples run in the digest block. Acid digested samples were analyzed by Inductively 
Coupled Plasma Mass Spectrometer (ICP-MS) for analysis of V. For plant samples, the mean 
recovery of V in reference material was 89.8± 7.4%.  
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Figure 3.1 Experimental pots containing common bean (Phaseolus vulgaris L.) (Only the top 
shelf of growth chamber shown here and) (a) wheat (Triticum aestivum L. cv. Spitfire) (b) 
seedlings growing in increasing solution concentrations of V  
3.3 Statistical analysis 
Statistical analyses were performed using Minitab 18 to compare treatment effects. Means were 
compared by Analysis of Variance and multiple comparison tests (post hoc Fishers Least 
Significant Differences). Differences were considered significant at P<0.05. Root to shoot 
quotient of tissue V concentration was calculated as the ratio of V concentration in plant roots to 
that in shoots. 
EC50 (mean effective concentration that causes 50% reduction in growth) was obtained for 
solution V concentration and tissue V concentration using a dose-response Four Parameter 
Logistic Curve (Variable slope) model as follows. 
 
Where; 
X was the V concentration, 
Y was the tissue dry mass % = 50 
 Min was the bottom of the curve in the units of tissue dry tissue mass % 
Max was the top of the curve in the units of tissue dry tissue mass % 
a b 
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EC50 was the x value for the curve point that is midway between the max and v     min parameters 
(half-maximal effective concentration)  
Hillslope –slope of the curve at its midpoint  
EC10 (mean effective concentration that causes 10% reduction in growth) was derived from EC50 
regression curve. 
3.4 Results 3.4.1 Vanadium toxicity symptoms 
Vanadium toxicity symptoms in wheat and bean were characterized by inhibited growth of the 
root system and stunted aerial growth (Figure 3.2 and Figure 3.3). Prominent foliar symptoms 
in bean were small, malformed leaves with wrinkled leaf blade and wrinkled leaf margin that 
were fewer in number (Figure 3.2 b, c and d). Retarded branching of the shoots gave rise to 
shorter and smaller plants. Chlorosis in young apical leaves (Figure 3.2 b) and simultaneous 
interveinal chlorosis of mature leaves were the characteristic symptoms of V toxicity in beans. 
Vanadium affected root proliferation by reducing secondary and higher order lateral branching 
in common bean (Figure 3.2 d). The primary root attained a club shaped appearance while the 
lateral roots became shorter, thicker and darker displaying a 'clubbing' appearance (Figure 3.2 
d). Microscopic observations confirmed few root hairs to total absence of root hairs with 
increasing V concentration in solution in toxicity affected plants.  
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Figure 3.2 Vanadium toxicity symptoms in common beans (Phaseolus vulgaris L. cv. Bean Bush 
Blue Lake); treatment effects on plants(a) chlorosis in young leaves (b)wrinkled and deformed 
leaf blade (c) toxicity affected roots (d) and control roots (healthy roots) (e) 
  
Exposure to V reduced the number of leaves and tillers in wheat (Figure 3.3 a, b and c). In wheat, 
chlorosis first appeared in the oldest leaves (1st and 2nd) and then transferred to young leaves. 
Chlorotic symptoms started in the tip of the oldest leaf and advanced down the leaf blade along 
the margins to the leaf base leaving an arrow of green tissue in the canter towards the base within 
about 3 days (Figure 3.3 b). Chlorosis in older leaves then progressed to necrosis while juvenile 
leaves remained green (Figure 3.3 b) causing mature leaves to senesce faster than juvenile leaves. 
Generally, mature leaves were smaller in size (Figure 3.3 c) in comparison to young leaves. In 
wheat, elevated V gave rise to fewer fibrous roots that were shorter in length than the controls 
(Figure 3.3 d) 
 a  b 
 c d e 
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Figure 3.3 Vanadium toxicity symptoms in wheat (Triticum aestivum L. cv. Spitfire); treatment 
effects on shoots (a) early marginal chlorosis (b) chlorosis of mature leaves and (c) toxicity 
affected roots (d) and control leaves (healthy roots) (e) 
 
3.4.2 Vanadium effects on biomass  
Vanadium concentration in the nutrient solution had a significant impact on tissue biomass as 
shown in Table 3.1. In wheat shoots, significantly low tissue biomasses were observed in 
seedlings exposed to ≥ 256 µM V (df =8, F=14.73, P<0.01) in solution. Similarly, in wheat roots, 
low tissue biomasses were detected in seedlings exposed to ≥ 128 µM V in solution (df=8, F= 
21.68, P< 0.01). Both tissue types of bean seedlings were more sensitive to V concentration in 
solution (Figure 3.3) in comparison to those of wheat with toxicity commencing at 64 µM for 
both shoots (df=8,F=8.65,P<0.01)  and roots (df=8, F=9.49, P<0.01). For both species, greater 
biomass losses were observed in plant roots than in plant shoots. For example, in wheat seedlings 
exposed to 256 µM V in solution, shoot biomass was reduced by 64% and root biomass was 
reduced by 65% in comparison to respective control tissue. Further in bean, tissue biomasses 
were reduced by 64% and 75% in shoots and roots respectively when grown in nutrient solutions 
containing 256 µM V.  
a b c 
d e 
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Table 3.1 Tissue biomasses and tissue V concentrations of wheat (Triticum aestivum L. cv. 
Spitfire) and common bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake) grown in increasing 
solution concentrations of V.  Values are means ±standard error (n=3). Within a column, means 
that share a common letter are not significantly different (P<0.05) 
Tissue type V concentration 
in solution (µM) 
Tissue biomass  
(g pot-1) 
Tissue V concentration 
 (mg kg-1) 
Wheat shoots 0 2.31 ±0.09 cd 0.08 ± <0.01 a  
8 2.05 ±0.22 c 3.23 ±0.75 b  
16 2.17 ±0.12 cd 9.05 ±3.43 bc  
32 2.13 ±0.07 cd 12.56 ±2.14 c  
64 2.25 ±0.17 d 12.73 ±2.76 c  
128 1.87 ±0.11 c 64.15 ±2.15 d  
256 1.31 ±0.07 b 193.57 ±23.93 e  
384 1.06 ±0.05 a 292.92 ±76.97 e  
512 0.65 ±0.04 a 648.45 ±145.15 f 
Wheat roots 0 1.21 ±0.10 e 0.75 ±0.08 a  
8 0.99 ± 0.05 cd 43.59 ±0.14 b  
16 1.09 ±0.07 cde 123.85±1.37 b  
32 1.08 ±0.07 cd 472.72 ±5.63 b  
64 1.19 ±0.14 de 1671.30 ±1.25 c  
128 0.92 ±0.10 c 3941.54 ±18.47 cd  
256 0.68 ±0.03 a 4898.75 ±144.29 d  
384 0.46 ±0.04 a 4985.02 ±25.46 d  
512 0.33 ±0.01 a 6620.66 ±489.79 e 
Bean shoots 0 3.03 ±0.06 e 0.21 ±0.13 a  
8 2.50 ±0.12 cde 6.14 ±0.13 b  
16 2.43 ±0.05 cd 7.15 ±0.25 cb  
32 2.68 ±0.07 de 8.89 ±0.37 c  
64 1.55 ±0.07 ab 12.71 ±0.35 d  
128 2.16 ±0.11 b 12.32 ±0.38 d  
256 1.77 ±0.07 ab 34.65 ±10.87 e  
384 1.32 ±0.05 a 42.36 ±2.16 f  
512 1.34 ±0.04 a 78.45 ±9.92 g 
Bean roots 0 0.73 ±0.04 e 0.04 ±0.17 a  
8 0.61 ±0.11 e 2.67 ±0.15 a  
16 0.42 ±0.09 de 44.64 ±1.36 ab  
32 0.43 ±0.05 de 82.15 ±5.67 ab  
64 0.19 ±0.06 d 300.17 ±1.29 b  
128 0.25 ±0.02 c 1298.34 ±18.36 c  
256 0.25 ±0.04 b 2831.84 ±104.27 d  
384 0.24 ±0.02 a 3177.66 ±25.37 e 
  512 0.25 ±0.01 a 3428.55 ±189.72 e 
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As shown in Figure 3.4 a, b, c and d, tissue biomasses (%) were strongly negatively associated 
with V concentration in solution in both wheat and common bean. Tissue biomasses (%) were 
also largely negatively associated with tissue V concentrations in both species in both tissue types 
(Figure 3.4 a, b, c and d). 
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Figure 3.4 Relationships between V concentrations in solution and tissue biomasses (%) in wheat 
(Triticum aestivum L. cv. Spitfire); shoots (a) and roots (b) and common bean (Phaseolus 
vulgaris L. cv. Bean Bush Blue Lake) shoots (c) and bean roots (d). Values are means ± standard 
error (n=3). 
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Tissue V concentration (mg/kg) in bean shoots
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Figure 3.5 Relationships between tissue V concentrations (mg/kg) and tissue biomasses (%) in 
wheat (Triticum aestivum L. cv. Spitfire); shoots (a) and roots (b) and common bean (Phaseolus 
vulgaris L. cv. Bean Bush Blue Lake); shoots (c) and roots (d). Values are means ± standard 
error (n=3). 
Eco-toxicological parameters for solution V concentration and tissue V concentration are given 
in Table 3.2. Wheat had a larger EC10 (critical V concentration in solution) [177.3 µM (roots) 98 
µM (shoots) and was more tolerant of V in comparison to common bean [EC10: 6 µM (roots), 
3.43 µM (shoots)] (Table 3.2). The EC10 for tissue V concentration also confirmed that common 
bean was more sensitive to V [EC10: 2.5 µM (roots), 3.97 µM (shoots)] in comparison to wheat 
[EC10: 4547.8 µM (roots), 178.6 µM (shoots)]. 
 
 
 
 62 
 
Table 3.2 Vanadium concentrations in the nutrient solution and associated tissue concentrations 
at the 10 and 50 % toxicity effect concentrations for biomass in wheat (Triticum aestivum L. cv. 
Spitfire) and common bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake) 
Tissue type Eco-toxicological parameters for 
solution V concentration (µM) 
Eco-toxicological parameters for tissue V 
concentration (mg kg-1) 
EC10* EC50 ±SE Reference EC10  * EC50±SE Fig. reference 
Wheat shoots 
98 
325.1±162.7  Figure 3.1a 35.5 178.6 ±90.5
  
Figure 3.2a 
Wheat roots 177.3 266.7±109.2
  
Figure 3.1b 3459.9 4547.8 ±294.9
  
Figure 3.2b 
Bean shoots 3.4 314± 120.7 Figure 3.1c 4.0 9.90 ±2.7
  
Figure 3.2c 
Bean roots 6 14.2±3.9 Figure 3.1d 2.5 21.64±15.0
  
Figure 3.2d 
SE – Standard error of mean 
*SE could not be calculated for EC10 as EC10 was derived off the regression line for EC50. 
3.4.3 Vanadium uptake, bioaccumulation and translocation 
Tissue V concentrations were increased with increasing V concentration in solution in both 
common bean and wheat.  Most of the V that entered the plants (i.e. < 90%) was accumulated in 
the root system (Table 3.1, Figure 3.6) whereas only a small % (i.e. > 10%) was translocated to 
the shoots.   
Further, in wheat, analysis of the change of the root to shoot quotient of tissue V concentration 
(i.e. the ratio of V in the roots to that in the shoots) (Figure 3.6) showed a similar pattern in both 
species. The root to shoot quotient increased until the solution V concentration reached a 
maximum of 64 µM for wheat and 128 µM for beans which then declined steadily as the solution 
V concentration was further increased. 
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Figure 3.6 Root/shoot quotient of tissue V concentration in wheat (Triticum aestivum L. cv. 
Spitfire) and common bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake) versus V 
concentration in solution. Values are means ± standard error; means that do not share a common 
letter are significantly different (P<0.05). 
 
Effect of V concentrations in the nutrient solution on tissue V concentrations in young green 
leaves and mature chlorotic leaves in wheat are shown in Figure 3.7. There were significant 
differences in leaf tissue V concentrations in wheat seedlings exposed to different V 
concentrations in solution [F (4, 20) =31.61, P<0.001]. Further in wheat, the oldest chlorotic 
leaves [L1 (leaf 1) and L2 (leaf 2)] accumulated a greater concentration of V in comparison to 
young green leaves [F (1, 20) =349.8, P<0.001]. The ratio of concentration of V in chlorotic 
leaves to green leaves varied between a factor of 4 -38 depending on solution V concentration. 
The leaf tissue V concentration was also dependent on the interaction between V concentration 
in solution and leaf type [F (4, 20) =15.45, P<0.001] in wheat.  
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Figure 3.7 Tissue V concentrations in young green leaves and mature chlorotic leaves (yellow 
leaves) versus V concentration in the nutrient solution in wheat (Triticum aestivum L. cv. 
Spitfire); Columns represent the mean concentration ± standard error  (n=3); means that do not 
share a letter are significantly different (P<0.05)  
 
3.5 Discussion 
3.5.1 Root bioaccumulation and limited translocation of V 
Onset of V toxicity and symptom development process in common bean and wheat was explained 
(section 3.4.1).  Foliar symptoms were characterized by stunted growth with limited branching 
(common bean)/tillering (wheat) with small deformed leaves. Apical chlorosis like symptoms 
were noticed in common bean (Figure 3.2) but in wheat (Figure 3.3), mature leaves (leaf 1 and 
leaf 2) developed chlorosis before younger green leaves. Further, mature chlorotic leaves 
accumulated a significantly higher proportion of V in comparison to younger green leaves in 
wheat (Figure 3.6).  
Vanadium caused more damage to development of root system and its growth prior to affecting 
aerial parts apparently due to increased accumulation of V in roots (>90%) (Figure 3.2, Figure 
3.3 and Figure 3.6). Low root proliferation and inhibited root hair development potentially causes 
more adverse effects to wheat and common bean in the long term by affecting nutrient and water 
relations in those species. Vanadium effects on nutrient dynamics in wheat and common bean 
will be discussed in Chapter 4. 
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Further, under field conditions, legume species like common bean exposed to V stress possibly 
faces more adverse effects of V stress during growth in comparison to wheat due to the fact that 
root hairs act as points of entry for symbiotic rhizobia in legumes. Thus, we hypothesize that V 
affects the efficiency of biological nitrogen fixation and N metabolism in legumes. Further 
investigations were done to understand V effects on nitrogen symbiosis in common bean which 
will be explained in Chapter 7.  
Next, as shown by root to shoot quotient of tissue V concentration (Figure 3.6), most of the V (> 
90%) was retained in the roots and only a minor portion reached the shoots in both wheat and 
common bean. Similar effects have been noticed with other metal toxicities;  e.g. Co (Obata and 
Umebayashi, 1993), As (Kopittke et al., 2014), Al (Brady et al., 1993), Cd, Cr and Cu (Gardea-
Torresdey et al., 2004). Retention of V in the roots appears to restrict V from reaching aerial 
photosynthetic tissue, the young leaves and the maturing fruits. We hypothesize that plants use 
root bioaccumulation of as a means to protect aerial plant parts from V toxicity. Further 
investigations were carried out to understand the mechanisms involved in root bioaccumulation 
of V which will be explained in Chapter 8. 
Results indicated that V has poor phloem redistribution in wheat for 2 reasons; firstly, V toxicity 
symptoms at first appeared in mature old leaves while juvenile leaves still remained healthy 
(Figure 3.3); secondly, most of V was concentrated in mature leaves in wheat in comparison to 
green juvenile leaves (Figure 3.7). Phloem and xylem sap analysis may provide some useful 
information regarding V redistribution mechanisms in the plant. 
3.5.2 Inter specific variations in V tolerance response  
Common bean was found to be more sensitive to V concentrations in solution than wheat. 
Accordingly, 10 % reductions in biomass were observed in bean tissue exposed to solution V 
concentrations as low as 6 µM (roots) or 3.4 µM (shoots) (Figure 3.4.). These results are 
comparable to the handful of studies that report natural background soil solution V 
concentrations. For example, natural background V concentration in German soil solutions were 
> 0.73 µM (Gäbler et al., 2009) while soil solution V concentration in European top soils varied 
between 0.12 µM and 1.96 µM (Larsson et al., 2013). Hence, results suggest that for species like 
common bean, V may become toxic if V concentration in the soil solution increases by a few 
orders of natural soil solution V concentrations. Conversely, for wheat, the EC10 values derived 
from the results were as high as 98 µM for shoots and 177.3 µM for roots (Table 3.2) which 
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suggests wheat to be tolerant of elevated concentrations of V in soil solution in comparison to 
common bean. We hypothesize that inter specific variations in V tolerance may at least partly be 
due to varied interactions of V with other nutrients during uptake and translocation as discussed 
in the chapter 3. I further hypothesize that in wheat roots, V might have been excluded from roots 
cells and retained in the root mucilage as suggested by brown colouration on wheat roots. This 
brown colouration is similar to iron plaques that retained large amounts of arsenic in wheat roots 
in arsenic toxicity (Kopittke et al., 2014). Possible binding of V to Fe plaques may explain the 
mechanisms by which wheat roots tolerate such high concentrations of V without affecting plant 
growth parameters. Such hypothesis needs to be further investigated.  
3.5.3 Vanadium contamination: a more common cause for biomass reduction 
under field conditions   
This study suggests that V toxicity could be more widespread than it was previously believed 
(Anke, 2005) because plants obtained from polluted sites previously had reported to contain V 
concentrations close to EC values derived in this study (Khan et al., 2011; Panichev et al., 2006; 
Qian et al., 2014). For example, for plants sourced from contaminated sites, V concentrations 
were reported to be in the range of 8.74–14.9 g/kg [Cluster beans (Cyamopiss tetragonoloba L.) 
and Carrot (Daucus carota L.)]  (Khan et al., 2011) and 9 -13 g/kg (Chloris gayana, Digitaria 
eriantha and Eragrostis curvula) (Panichev et al., 2006). Further, analysis of root and shoot 
tissue samples of plants extracted from polluted sites have shown V concentrations to vary from 
32 mg/kg (Rhus copallinum) to 280 mg/kg (Betula populifolia) for roots and from 2 mg/kg 
(Phragmites australis) to 12 mg/kg (Betula populifolia) (Qian et al., 2014) for leaves. In majority 
of those cases, the only noticeable V toxicity symptom was reduced biomass production (Khan 
et al., 2011; Qian et al., 2014). Further, for plants obtained from unpolluted sources, a figure of 
0.5 – 2 mg/kg of V on a dry weight basis was generally agreed (Adriano, 1986b). Hence, V 
appears to cause yield losses prior to manifestation of distinct aerial symptoms in toxicity 
affected plants. Thus, the occurrence of V toxicity in the field appears to be common but such is 
not noticed due to lack of knowledge. 
 
3.5.4 Change of V toxicity response with alteration of V chemistry  
The V toxicity response appeared to relate to changes in V chemistry. As indicated by the change 
of root/shoot quotient of tissue V concentration (Figure 3.6) changes in root bioaccumulation 
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pattern from high root accumulation and low shoot translocation (i.e. at 8 – 64 µM V for common 
bean and at 8-128 µM V in solution for wheat) to low root accumulation and high shoot 
translocation (i.e. at > 64 µM for common bean and at >128 µM V for wheat) suggests improved 
V translocation occurring at relatively higher V concentrations. Further, V caused significant 
losses to biomass ≥ 64 µM V in solution in common bean (for both tissue types) and ≥128 µM 
V in solution in wheat roots (Table 3.1) These responses suggest different mechanisms of action 
of V toxicity at low compared to high V concentrations in solution. 
Morrell (1986) observed increased V toxicity response in corn (Zea mays) when seedlings were 
exposed to V concentrations above 100 µM. Morrell (1986) hypothesized that such changes in 
V toxicity responses were related to change of chemistry of vanadate in solution. As indicated in 
the literature, vanadate monomers undergo condensation and hydration reactions to form more 
complex oligomeric species at solution concentrations > 100 µM V in solution (Welch, 1973, 
Morrel, 1986). Based on such evidence, we hypothesize that oligomeric vanadate species are 
more toxic to plants over monomeric vanadate. No work has been done previously to compare 
toxicity effects of different vanadate oxyanions and various vanadate oligomers to plants.  
3.6 Conclusions 
Results demonstrated that wheat was more tolerant of V than common bean. Considering 
effective concentration values derived for common bean in this study, V toxicity appears to be 
more widespread than it was previously known. Current study developed effective concentration 
statistics for 2 important agricultural species which could be used for making V toxicity 
management decisions in agricultural soils. Further, this study more than 90% of V was retained 
in roots in both wheat and common bean. Thus, root bioaccumulation appeared to be a strategy 
used by plants to protect aerial plant parts from V toxicity. This study delivered further evidence 
in support of the previously developed hypothesis that changes in of V toxicity response in plants 
at ~ 100 µM V in solution could related to changes of chemistry of vanadate in solution.  
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    CHAPTER 4  
 
4 VANADIUM TOXICITY INTERACTIONS WITH 
NUTRIENT DYNAMICS IN WHEAT AND COMMON BEAN  
 
 
4.1 Introduction 
Only a limited number of studies have investigated the underlying mechanisms of V toxicity 
(Morrel, 1986; Welch, 1973) however a greater understanding of the interactions between V and 
other elements on plant physiology could improve understanding of V detoxification, 
accumulation, mobilization and immobilization mechanisms within plants (Fargasova, 1998).  
Vanadium toxicity symptoms have been observed to coincide with imbalances in plant nutrients, 
particularly Fe2+, Ca2+, Mg2+ and PO4
3- (Cannon, 1963; Imtiaz et al., 2017; Kaplan et al., 1990; 
Olness et al., 2000; Welch, 1973). There is no clear understanding in the research literature if V 
toxicity results either from a direct interaction of V with plant metabolism or from an interaction 
of V with plant nutrients. Therefore, this study aimed to evaluate the effect of V(V) on plant 
nutrients; specifically, Fe, Ca, Mg and P in wheat (Triticum aestivum L. cv. Spitfire) and common 
bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake) to identify interactions that occur between 
V and Fe, Ca, Mg and P during uptake and translocation. 
4.2 Methods 
4.2.1 Plant growth and bulk metal analysis 
The dose dependent tissue nutrient relationships were studied in wheat (Triticum aestivum L. cv. 
Spitfire) and common bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake) using nine V(V) 
treatments (0, 8, 16, 32, 64, 128, 256, 384 and 512 µM of NaVO3 (> 99.9 % purity, Sigma–
Aldrich) and 3 replicates in a completely randomised design using chelator buffered nutrient 
solutions under controlled environmental conditions as explained in Chapter 3. This Chapter 
analyses the tissue nutrient results obtained in the experiment described in Chapter 3. Acid 
digested samples were analysed by Microwave Plasma Atomic Emission Spectroscopy (MP-
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AES) for Ca and Mg and Inductively Coupled Plasma Mass Spectrometer (ICP-MS) for V and 
Fe.  
4.2.2 Statistical analysis 
Treatment effects were determined by analysis of variance (ANOVA), according to the general 
linear model procedure of the Statistical Analysis System MiniTab18. Differences between 
treatment means were separated by the Fishers Least Significant difference test with difference 
considered significant where P<0.05. Pearson correlation coefficients were determined in order 
to evaluate the strength and the direction of the linear associations between a criterion variable 
and a predictor variable (Steiger, 1980). Principal component analysis (PCA) was used to identify 
linear combinations of variables that best explain the covariation structure of the variables 
(Jolliffe and Cadima, 2016).  Variables that displayed Eigen vectors in which absolute values > 
±0.25 were considered to have a significant weighting on a component. Non- linear regression 
analyses were done using Sigmaplot 14 (Scanlon et al., 2001) to understand non-linear 
associations that occur between variables. P>0.05 was considered to explain a significant model 
fit.  
4.3 Results  
4.3.1 Effect of V concentration treatment on tissue nutrient concentrations – 
descriptive statistics 
Changes in V concentrations in solution were associated with significant changes in the 
concentrations of tissue nutrients in wheat and bean. Table 4.1 provides descriptive statistics for 
biomass measurements and tissue concentrations of V, Ca, Fe, Mg and P in wheat and bean in 
both root and shoot tissue. Nutrient interactions will be discussed in detail in sections 4.3.1 - 
4.3.4. 
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Table 4. 1 Descriptive statistics for wheat (Triticum aestivum L. cv. Spitfire) and common bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake) 
grown in increasing solution concentrations of V [values are means ±standards error (n=3)]; for each nutrient and tissue type combination, means 
with different letters are significantly different (P<0.05) 
Tissue type V in solution 
(µM) 
Biomass (g/ 
pot) 
Tissue V conc. 
 (mg /kg) 
Tissue Ca conc. 
(g/ kg) 
Tissue Fe conc.  
(mg/ kg) 
Tissue Mg 
conc. (g/ kg) 
Tissue P conc. 
  (g /kg) 
Wheat shoots 0 2.31 ±0.09 d 0.08 ± <0.01 a 35.35 ±5.92 b 325.80 ±6.25 a 1.42 ±0.40 a 6.29 ±0.22 bc 
 8 2.05 ±0.22 c 3.23 ±0.75 a 47.50 ±3.37 b 349.80 ±51.43 a 2.42 ±0.81 ab 6.80 ±0.78 c 
 16 2.17 ±0.12 bc 9.05 ±3.43 a 45.39 ±5.00 b 400.03 ±23.90 a 2.34 ±0.34 ab 7.35±0.64 c 
 32 2.13 ±0.07 bc 12.56 ±2.14 a 40.27 ±3.73 b 421.81±20.10 a 3.21 ±0.23 bc 7.25±0.37 c 
 64 2.25 ±0.17 d 12.73 ±2.76 ab 43.92 ±9.00 b 518.64 ±53.55 b 4.50 ±0.56 de 7.39 ±0.97 bc 
 128 1.87 ±0.11 c 64.15 ±2.15 ab 38.47 ±1.76 b 535.52 ±6.92 bc 4.33 ±0.23 de 7.32 ±0.24 bc 
 256 1.31 ±0.07 b 193.57 ±23.93 bc 35.93 ±0.63 b 599.96 ±19.57 bc 5.00 ±0.33 de 10.08 ±0.27 d 
 384 1.06 ±0.05 a 292.92 ±76.97 c 11.36 ±0.77 a 585.95 ±64.77 c 3.68 ±0.17 cd 4.43 ±0.78 a 
 512 0.65 ±0.04 a 648.45 ±145.15 d 10.48 ±1.07 a 871.75 ±78.28 d 4.20 ±0.32 cde 4.94 ±0.34 a 
Wheat roots 0 1.21 ±0.05 e 0.75 ±0.08 a 6.37 ±0.64 a 229.14 ±187.25 a 6.76 ±0.91 c 5.30 ±0.08 a 
 8 0.10 ±0.10 cd 43.59 ±0.14 b 6.22 ±0.62 a 218.23 ±140.32 a 4.70 ±0.91 ab 6.14 ±0.12 abc 
 16 1.09 ±0.07 cde 123.85±1.37 b 7.35 ±0.24 b 278.70 ±122.67 ab 6.88 ±0.67 c 7.29 ±0.50 d 
 32 1.08 ±0.07 cd 472.72 ±5.63 b 8.94 ±0.23 d 338.71 ±58.15 ab 10.99 ±1.52 d 7.35 ±0.30 d 
 64 1.19 ±0.14 de 1671.30 ±1.25 c 9.41 ±0.60 e 405.26 ±143.92 c 10.14 ±2.19 d 6.50 ±0.57 bcd 
 128 0.92 ±0.10 c 3941.54 ±18.47 cd 8.90 ±0.95 d 434.65 ±101.33 c 6.70 ±0.32 c 6.69 ±0.37 cd 
 256 0.68 ±0.03 b 4898.75 ±144.29 d 8.03 ±0.66 c 459.32 ±128.45 c 4.46 ±0.29 ab 9.13 ±0.31 e 
 384 0.46 ±0.04 a 4985.02 ±25.46 d 7.95 ±0.30 bc 576.18 ±81.78 d 3.53±0.30a 6.77 ±0.24 cd 
 512 0.33 ±0.01 a 6620.66 ±489.79 e 8.16 ±0.80 c 806.56 ±103.21 e 3.17 ±0.17 a 5.57 ±0.19 ab 
Bean shoots 0 3.03 ±0.06 e 0.21 ±0.13 a 78.32 ±8.06 de 233.15 ±5.97 d 2.28 ±0.17 a 5.94 ±0.35 a 
 8 2.50 ±0.12 cde 6.14 ±0.13 b 132.058 ±8.60 f 286.65 ±21.38 e 2.84 ±0.04 abcd 7.82 ±0.43 ab 
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Tissue type V in solution 
(µM) 
Biomass (g/ 
pot) 
Tissue V conc. 
 (mg /kg) 
Tissue Ca conc. 
(g/ kg) 
Tissue Fe conc.  
(mg/ kg) 
Tissue Mg 
conc. (g/ kg) 
Tissue P conc. 
  (g /kg) 
 16 2.43 ±0.05 cd 7.15 ±0.25 cb 128.38 ±15.46 f 259.34 ±23.93 de 3.00 ±0.25 abcd 7.76 ±0.96 bc 
 32 2.68 ±0.07 de 8.89 ±0.37 c 144.78 ±3.76 f 268.22 ±20.08 de 3.68 ±0.09 bcd 8.08 ±0.45 bc 
 64 1.55 ±0.07 ab 12.71 ±0.35 d 91.00 ±14.19 e 179.33 ±33.54 c 3.36 ±0.15 de 10.31 ±0.61 de 
 128 2.16 ±0.11 bc 12.32 ±0.38 d 72.09 ±4.89 c 134.92 ±6.89 ab 3.25 ±0.26 e 8.25 ±2.63 c 
 256 1.77 ±0.07 ab 34.65 ±10.87 e 55.06 ±8.94 ab 143.27 ±19.45 ab 3.12 ±0 .17 de 9.67 ±0.42 cd 
 384 1.32 ±0.05 a 42.36 ±2.16 f 52.063 ±6.67 ab 122.26 ±24.40 ab 3.36 ±0.15 e 11.72 ±0.13 e 
 512 1.34 ±0.04 a 78.45 ±9.92 g 32.94 ±1.61 a 102.21 ±12.06a 3.02 ±0.09 e 10.97 ±0.76 e 
Bean roots 0 0.73 ±0.04 e 0.04 ±0.17 a 55.21 ±6.40 d 504.45 ±18.68 a 15.74 ±3.08 e 7.56 ±0.32 a 
 8 0.61 ±0.11 e 2.67 ±0.15 a 38.26 ±2.16 bc 488.62 ±33.9 a 15.56 ±2.58 e 9.09 ±1.07 ab 
 16 0.42 ±0.09 de 44.64 ±1.36 ab 51.31 ±2.38 d 694.55 ±12.24 b 9.14 ±0.60 d 8.95 ±0.72 ab 
 32 0.43 ±0.05 de 82.15 ±5.67 ab 44.92 ±2.25 bc 606.28 ±5.80 ab 9.21 ±0.70 d 6.88 ±0.55 a 
 64 0.19 ±0.06 d 300.17 ±1.29 b 41.17 ±1.00 bc 1108.21 ±14.3 d 7.04 ±0.20 cd 8.91 ±1.99 ab 
 128 0.25 ±0.02 c 1298.34 ±18.36 c 34.18 ±9.45 ab 828.15 ±20.12 c 7.66 ±0.81 cd 10.37 ±1.54 bc 
 256 0.25 ±0.04 b 2831.84 ±104.27 d 35.40 ±1.61 ab 624.25 ±12.83 ab 5.48 ±0.42 cd 11.12 ±0.24 bc 
 384 0.24 ±0.02 a 3177.66 ±25.37 e 35.44 ±3.02 ab 568.68 ±80.50 ab 5.49 ±0.27 cd 13.91 ±1.17 d 
  512 0.25 ±0.01 a 3428.55 ±189.72 e 23.95 ±7.97 a 578.35 ±30.34 ab 4.39 ±0.33 c 13.62 ±0.54 d 
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4.3.2 Effect of solution V concentration on tissue nutrient concentrations 
4.3.2.1 Effect of solution V concentration on tissue Ca concentration 
 
Changes in solution V concentration resulted in effects on tissue Ca concentration (P<0.05) in 
both species tested (Table 4.1 In wheat seedlings exposed to ≥16 µM V, there was an increased 
Ca concentration in root tissue in comparison to the control [F (8, 19) = 2.87, P = 0.028]. In 
wheat shoots, although there was no difference between the tissue Ca concentration in 
seedlings exposed to 8 to ≥384 µM V and the control, there was a relatively low shoot tissue 
Ca concentration in seedlings exposed to 512 µM V [F (8, 19) = 10.45, P < 0.01]. In bean, root 
tissue Ca concentration was lower in seedlings exposed to ≥ 32 µM V in solution in comparison 
to the control seedlings [F (8, 18) = 3.61, P = 0.011]. Although there was an increase in shoot 
tissue Ca concentration in bean shoots exposed to 8 µM - 32 µM V, tissue V concentration was 
low when exposed to ≥ 128 µM V in comparison to the controls [F (8, 19) = 27.83, P< 0.01]. 
4.3.2.2 Effect of solution V concentration on tissue Fe concentration 
Tissue Fe concentration in wheat roots [F (8, 19) = 8.63, P < 0.01] and in wheat shoots [F (8, 
19) = 19.12, P< 0.01] were higher than the corresponding control tissue when seedlings were 
grown in solutions containing ≥ 64 µM V (Table 4.1). When seedlings were exposed to 512 
µM V, tissue Fe concentrations was equivalent to 167.5% in roots and to 242% in shoots and 
shoots relative to the controls. Conversely, in bean roots, tissue Fe concentrations were 
significantly higher than the control tissue when exposed to 16 µM, 64 µM and 128 µM V [F 
(8, 16) = 94.95, P < 0.01] treatments. Similarly, in bean shoots, there was an increased Fe 
concentration in seedlings exposed to 8, 16 and 32 µM V treatments but there was a decreased 
tissue Fe concentration in seedlings exposed to ≥ 64 µM V [F (8, 16) = 33.96, P < 0.01] relative 
to the control seedlings. 
4.3.2.3 Effect of solution V concentration on tissue P concentration 
Phosphorus concentrations in wheat roots increased when exposed to 16 µM - 384 µM V in 
solution in comparison to the control tissue [F (8, 21) = 10.3, P < 0.01]  
(Table 4.1). Similarly, in wheat shoots, tissue P concentration increased in comparison to the 
control when seedlings were grown at 256 µM V in solution [F (8, 21) = 8.66, P < 0.01]. 
However, when wheat seedlings were exposed to V concentrations between 384 µM and 512 
µM, there was significantly less P in the shoots compared to lower V solution concentrations 
(P< 0.01).  
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In bean roots, tissue P concentrations were higher than the control tissue in seedlings exposed 
to 128 µM to 512 µM V [F (8, 8) = 8.02, P < 0.01]. Similarly, in bean shoots, tissue P 
concentration in shoots increased when exposed to 64 µM to 512 µM of V [F (8, 19) = 3.03, P 
= 0.011). 
4.3.2.4 Effect of solution V concentration on tissue Mg concentration 
In wheat, seedlings exposed 32 µM and 64 µM V contained greater concentrations of Mg in 
root tissue compared to controls but those roots that were exposed to ≥ 256 µM and 8 µM, had 
low tissue Mg concentrations [F (8, 21) = 6.21, P < 0.01] (Table 4.1). However, bean roots 
exposed to ≥16 µM V had low tissue concentrations of Mg compared to control tissue [F (8, 
18) = 7.93, P < 0.01]. Further, tissue Mg concentrations in both wheat and bean shoots exposed 
to ≥32 µM [wheat shoots; F (8, 21) = 8.37, P < 0.01], bean shoots; [F (8, 19) = 7.15, P < 0.01] 
had greater tissue Mg concentrations. 
4.3.3 Effect of tissue V concentration on nutrient concentrations in plant 
tissues 
4.3.3.1 Effect of tissue V concentration on tissue Ca concentration 
In general, for both wheat and beans, as tissue V concentration increased, the tissue Ca 
concentration decreased in roots and shoots (Figure 4.1). The only exception was in wheat roots 
where Ca concentration increased with increasing V concentration until the root V 
concentration was 8.5 g kg-1 and then Ca concentrations remained stabilized as the V 
concentration increased (Figure 4.1 a). 
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Figure 4.1 Relationships between V root and shoot concentrations and the concentration of Ca 
in the corresponding tissue in wheat (Triticum aestivum L. cv. Spitfire) and common bean  
(Phaseolus vulgaris L. cv. Bean Bush Blue Lake) grown in solution culture containing 0 to 512 
uM V. Values are means +/- standard error (n=3)   
4.3.3.2 Effect of tissue V concentration on tissue Fe concentration 
In both root and shoot tissues in wheat, there was a strong linear and association between tissue 
V concentrations and tissue Fe concentrations (for roots; R2 =0.85, P<0.0001 and for shoots; 
R2 =0.86, P<0.0001). In both tissue types, the tissue Fe concentration increased as the tissue V 
concentration increased (Figure 4.2). Hence, wheat roots had a ~ 200% increased tissue Fe 
concentration in comparison to the control when the tissue V concentration was equivalent to 
0.68 g/kg V. In bean roots, the tissue Fe concentration was strongly associated with tissue V 
concentration by following opposite linear trends at low tissue V concentrations (0.04 - 300.17 
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mg/kg) and high tissue V concentrations (300.17 – 3428.55 mg/kg) (R2 =0.93, P<0.0001) 
Accordingly, in bean roots, the tissue Fe concentration increased with increasing tissue V 
concentration until the tissue Fe concentration reached a maximum of 1058 mg/ kg. From that 
maximum tissue Fe concentration on, the tissue Fe concentration started decreasing with 
increasing tissue V concentration. In bean shoot tissue however, tissue Fe concentration 
followed a decreasing trend with increasing tissue V concentration (R2 =0.58, P<0.0001). 
 
         (a) Wheat roots  
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         (b) Wheat shoots 
Tissue V concentration (mg/kg) in wheat shoots
0 200 400 600 800T
is
su
e 
F
e 
co
n
ce
n
tr
at
io
n
 (
m
g
/k
g
) 
in
 w
h
ea
t  
sh
o
o
ts
0
200
400
600
800
1000
1200
y=0.42 + 0.72x
R
2
=0.86, P<0.0001
 
        (c) Bean roots 
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         (d) Bean shoots
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Figure 4. 2 Relationships between V root and shoot concentrations and the concentration of Fe 
in the corresponding tissue in wheat (Triticum aestivum L. cv. Spitfire) and common bean 
(Phaseolus vulgaris L. cv. Bean Bush Blue Lake) grown in solution culture containing 0 to 512 
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uM V. Values are means +/- standard error (n=3). Effect of tissue V concentration on tissue P 
concentration 
4.3.3.3 Effect of tissue V concentration on tissue P concentration 
Wheat and bean demonstrated distinct tissue V and P interactions. Weak, non-linear 
associations occurred between V and P in wheat tissue (wheat roots; R2=0.24, P<0.0001 wheat 
shoots; R2=0.29, P<0.0001) (Figure 4.3 a and Figure 4.3 b). However, in bean, tissue V 
concentrations were strongly positively associated with tissue P concentration in a non-linear 
manner (bean roots; R2=0.87, P<0.0001 bean shoots; R2=0.85, P<0.0001) with a generally 
increasing trend (Figure 4.3 c and d). 
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Tissue V concentration (mg/kg) in wheat roots
0 2000 4000 6000 8000
T
is
su
e 
P
 c
o
n
ce
n
tr
at
io
n
 (
g
/k
g
) 
in
 w
h
ea
t 
ro
o
ts
0
2
4
6
8
10
y = 7.04/(1+exp(-(x + 0.04)/0.04))
R2= 0.29, P< 0.0001
 
 
        (b) Wheat shoots
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        (d) Bean shoots 
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Figure 4.3 Relationships between V root and shoot concentrations and the concentration of P 
in the corresponding tissue in wheat (Triticum aestivum L. cv. Spitfire) and common bean  
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(Phaseolus vulgaris L. cv. Bean Bush Blue Lake) grown in solution culture containing 0 to 512 
uM V. Values are means +/- standard error (n=3)   
4.3.3.4 Effect of tissue V concentration on tissue Mg concentration 
Tissue V concentrations were significantly and non-linearly associated with tissue Mg 
concentrations in both wheat and bean (Figure 4.4). At least 48% (R2≥ 0.48, P<0.009) of the 
variability in tissue Mg concentration was explained by tissue V concentration in both species 
in both tissue types. In root tissue, tissue Mg concentrations decreased with increasing tissue 
V concentrations in both species. Conversely in shoot tissue, tissue Mg concentration increased 
with increasing tissue V concentration at low tissue V concentrations (0.08 - 38 mg/ kg for 
wheat shoots, 0.21 – 12.32 mg/ kg for bean shoots) and the tissue Mg concentration then 
remained stabilized with increasing tissue V concentration in both species.  
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Figure 4.4 Relationships between V root and shoot concentrations and the concentration of Mg 
in the corresponding tissue in wheat (Triticum aestivum L. cv. Spitfire) and common bean  
(b) Wheat shoots (a) Wheat roots 
(c) Bean roots (d) Bean shoots 
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(Phaseolus vulgaris L. cv. Bean Bush Blue Lake) grown in solution culture containing 0 to 512 
uM V. Values are means +/- standard error (n=3)   
4.3.4 Relationships between tissue V concentrations, tissue biomasses and 
tissue nutrient concentrations  
4.3.4.1 Pearson correlation analyses results 
Significant linear correlations occurred between tissue V concentrations and various tissue 
nutrient concentrations in wheat and bean (Table 4.2). In wheat shoots, tissue V concentrations 
were significantly positively correlated to tissue Fe (r=0.93, P<0.001) and Mg (r=0.48, P=0.01) 
concentrations while tissue V concentrations were significantly negatively correlated to tissue 
Ca concentrations (r=-0.70, P<0.001). Similarly, in wheat roots, tissue V concentrations were 
significantly positively correlated to tissue Fe concentrations (r=0.85, P<0.001). However, 
tissue V concentrations were significantly negatively correlated to tissue concentrations of both 
Ca (r=-0.71, P<0.001) and Mg (r=-0.49, P=0.007) in wheat roots. Tissue P concentrations were 
not significantly linearly correlated to tissue V concentrations in either wheat shoots (r<0.001, 
P=0.991) or wheat roots (r=0.13, P=0.512). In bean, tissue V concentrations were significantly 
negatively correlated to tissue concentrations of Fe (r=-0.74, P<0.001) and Ca (r=-0.71, 
P<0.001) in shoots. Further, in bean shoots, tissue V concentrations were significantly 
correlated to tissue P concentrations (r=0.5, P=0.011). In bean roots however, tissue Fe 
concentrations were not affected by tissue V concentrations (r=-0.10, P=0.637) considerably. 
Additionally, all tissue Ca (r=0.62, P=0.001), Mg (r=0.69, P<0.001) and P (r=0.81, P<0.001) 
concentrations were significantly correlated to tissue V concentrations with only P 
demonstrating a positive correlation. 
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Table 4.2 Pearson correlation coefficients (r) for concentrations of tissue V (independent 
variable) and tissue nutrients (dependent variables) in roots and shoots of wheat (Triticum 
aestivum L. cv. Spitfire) and common bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake). 
Tissue Nutrient  Wheat tissue 
 
Bean tissue 
 Shoot V Root V Shoot V Root V 
r P  r P  r P  r P  
Fe 0.93 
* 
<0.001 0.85 <0.001 -0.74 <0.001 -0.10 0.637 
Ca -0.70 <0.001 -0.71 <0.001 -0.71 <0.001 -0.62 0.001 
Mg 0.48 0.01 -0.49 0.007 0.15 0.473 -0.69 <0.001 
P <0.001 0.991 0.13 0.512   0.50 0.011  0.81 <0.001 
Statistically correlated relationships are in bold (P<0.5)  
 
4.3.4.2 Principal Component Analyses (PCA) results 
The first and the second principal components explained a considerable percentage of the 
variation in each species. The first and the second principal components explained 77 % of the 
variation between the variables analysed in wheat (Table 4.3) and a comparable percentage 
(76.1 %) was also explained by the variables studied in bean (Table 4.3). In both wheat and 
bean, solution V concentrations were positively correlated to shoot V concentrations and root 
V concentrations. Further, tissue V concentrations were negatively associated with tissue 
biomasses of both shoots and roots in both species. Additionally, variations in tissue nutrient 
concentrations were largely explained by solution V concentrations, tissue V concentrations 
and tissue dry masses in wheat and bean.  
In wheat, solution V concentrations and tissue V concentrations were largely associated with 
tissue Fe concentrations in both shoots and roots (Table 4.3). Solution V concentrations and 
tissue V concentrations were also positively associated with shoot tissue Mg concentrations in 
wheat. However, shoot tissue Mg concentrations were not related to root tissue Mg 
concentrations in wheat. Further, tissue V concentrations and solution V concentrations were 
negatively associated with shoot tissue Ca concentrations in the same species. Shoot tissue Ca 
concentrations were also closely positively related to shoot tissue dry masses and root tissue 
dry masses in wheat. Root tissue Ca concentrations were not associated with tissue V 
concentrations, solution V concentrations or the shoot tissue Ca concentrations but were closely 
associated with root tissue P concentrations, shoot P concentrations and shoot Mg 
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concentrations in wheat. Although tissue P concentrations in shoots and roots were greatly 
associated with each other, tissue P concentrations were not affected by solution V 
concentrations or the tissue V concentrations in wheat. Yet, root tissue P concentrations were 
closely associated with root Ca and shoot Mg concentrations in wheat. In bean, solution V 
concentrations and tissue V concentrations were associated with tissue P concentrations in both 
roots and shoots (Table 4.3, Figure 4.5). Further, solution V concentrations and tissue V 
concentrations were negatively associated with root Mg concentrations, shoot Fe 
concentrations and shoot Ca concentrations in bean. Root Fe concentrations and shoot Mg 
concentrations were greatly positively correlated but those variables were not affected by the 
solution V concentrations or tissue V concentrations. Additionally, root Fe concentrations and 
shoot Mg concentrations were greatly negatively associated with root dry masses in bean. 
Furthermore, root Mg concentrations were not related to shoot Mg concentrations or the root 
Fe concentrations were not related to shoot Fe concentrations in bean.  
 
       (a) Wheat  
 
         (b) Bean  
 
Figure 4.5 Principal Component Analysis loading plots for wheat (Triticum aestivum L. cv. 
Spitfire) (a) and common bean (Phaseolus vulgaris L. cv. Bean Bush Blue Lake)  (b) grown in 
solution culture with concentrations of V ranging from 0 to 512 uM showing multidimensional 
relationships between solution V concentration (Solution V), tissue biomass measurements 
(Shoot dry mass and Root  dry mass) and tissue nutrient concentrations (Shoot V- Shoot tissue 
v concentration, root V- Root V concentration, Shoot Fe – Shoot Fe concentration, Root Fe- 
Root tissue Fe concentration, Shoot Ca – shoot tissue Ca concentration, Root Ca- Root tissue 
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Ca concentration, Shoot Mg- Shoot tissue Mg concentration, Root Mg – Root tissue Mg 
concentration, shoot P - Shoot P concentration and Root P – Root tissue P concentration), n=13 
Table 4.3. Principal component analysis statistics for Triticum aestivum L. cv. Spitfire (wheat) 
(a) and Phaseolus vulgaris cv. Bean Bush Bean Lake (common bean) (b) grown in solution 
culture with concentrations of V ranging from 0 to 512 uM 
Parameter Wheat  Common bean 
 PC1 PC2 PC1 PC2 
Eigen analysis of the correlation matrix 
Eigenvalue 7.87 2.07 7.72 2.29 
Proportion 0.61 0.16 0.59 0.18 
Cumulative 0.61 0.76 0.59 0.77 
Eigenvectors for variables 
Root Ca 0.12 -0.32 -0.24 0.07 
Root Dry Mass -0.39* 0.02 -0.28* -0.34 
Root Fe 0.32* -0.04 0.06 0.55 
Root Mg -0.21 -0.09 -0.29* -0.23 
Root P 0.00 -0.57 0.31* -0.12 
Root V 0.33* -0.10 0.33* -0.19 
Shoot Ca -0.27* -0.24 -0.28* 0.27 
Shoot Dry Mass -0.34* -0.01 -0.32* -0.08 
Shoot Fe 0.34* -0.04 -0.32* 0.05 
Shoot Mg 0.26* -0.40 0.11 0.49 
Shoot P -0.10 -0.56 0.27* 0.24 
Shoot V 0.33* 0.11 0.31* -0.22 
Solution V 0.35* 0.06 0.33* -0.21 
PC- Principal Component 
Eigen vectors marked with an * are > ±0.25  
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4.4 Discussion 
4.4.1 Vanadium and nutrient interactions 
 
4.4.1.1 V and Ca interactions 
In wheat roots, tissue Ca concentration increased initially as both the solution V concentration 
and the tissue V concentration increased until the tissue Ca concentration reached a maximum 
at 8.5 g kg-1 (Table 4.1, Figure 4.1 a). In contrast, in wheat shoots, tissue Ca concentration 
decreased as the solution V concentration and the tissue V concentration increased (Table 4.1, 
Figure 4.1 b), Hence, in wheat, tissue V and Ca concentrations were related with high 
concentrations of both elements in roots, and low concentration of Ca in the aerial plant parts 
in comparison to the controls. We hypothesize that binding of Ca in the roots with V until Ca 
availability started to limit possibly hindered Ca translocation into the shoots. These results are 
in agreement with V and Ca interactions observed in Astragalus preussi and Glycine max (soy 
bean) (Cannon, 1963; Kaplan et al., 1990). This interaction noted between V with Ca in wheat 
roots could be due to Ca acting to retain absorbed V by the cells (Welch, 1973) or to offset V 
toxicity by immobilisation of V via the formation of a sparingly soluble calcium vanadate as 
suggested previously (Cannon, 1963; Wallace et al., 1977). However, the formation of the 
hypothesized calcium vanadate in plant tissue has not been tested in the research literature, and 
thus, additional investigations are necessary to confirm the formation of this precipitate.  
In bean, increasing V concentration in tissue was associated with a linear decrease in Ca 
concentrations in root and shoot tissue demonstrating inhibitory effects of V on tissue Ca 
concentration (Figure 4.1). Previous research suggests that vanadate undergoes reduction in the 
root cell walls to form VO2+driven by apoplasmic polyuoronates (Deiana et al., 1988; García 
et al., 2012; Hou et al., 2013; Morrel, 1986). We hypothesize that reduced VO2+ substitutes for 
Ca2+ that makes cross linkages between carboxylate groups in cell walls.  This substitution 
reaction between, Ca2+ and VO2+ appears to cause an irreversible displacement of Ca2+ from 
cell wall components. We further hypothesize that altering cytoplasmic Ca2+ homeostasis in 
this manner may be disrupting cellular redox homeostasis which leads to oxidative damage 
leading to cell death similar to the sequence of events that takes place in Al toxicity (Kinraide 
and Parker, 1987). Indeed, Al3+ forms chemically similar speciation products to V due to the 
fact Al occurs as a cationic species (Al3+) at acidic pH and as an anionic species (Al(OH)4
- at 
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alkaline pH (Hiradate, 2004).  Al-induced changes in cell wall properties and oxidative stress 
damage has been found to be critical factors in Al toxicity (Yamamoto et al., 2003). Previous 
studies provide evidence for the production of reactive oxygen species (ROS) in rice (Oryza 
sativa) and chick peas (Cicer arietinum L.) roots exposed to excess V (Imtiaz et al., 2015; Lin 
et al., 2013).  Furthermore, Al3+ has been found to arrest root proliferation and elongation in 
plants by tightly binding to cell walls (Ma et al., 2004) decreasing the effectiveness of cell 
wall-loosening enzymes (Wehr et al., 2004). Following a similar mechanism, VO2+ tightly 
bound to cell walls could probably be physically obstructing cell wall extension needed for 
root elongation in V affected plants. Hence, tissue Ca and V interactions identified in this study 
propose a new mechanism by which how V affects tissue Ca concentrations and causes toxicity 
symptoms in certain plant species (e.g. common bean) exposed to V toxicity. The nature of V 
and Ca interaction needs to be studied in depth using more plant species accompanied by 
subcellular localization data to verify these hypotheses.  
4.4.1.2 V and Fe interactions 
Increased V concentration in tissue was correlated with significant increases in tissue Fe 
concentrations in the roots and shoots of wheat (Figure 4.2 a and Figure 4.2 b). However, the 
increased tissue Fe was not associated with an increased root or shoot dry mass or an alleviation 
of V toxicity symptoms (Chapter 3) in wheat. In comparison, in bean roots, differential Fe 
responses observed at low (<32 µM) and high (32-512 µM) micromolar concentrations of V 
supports the previously proposed hypothesis on different mechanisms of action of V at different 
concentrations relating to changes of chemistry of V in nutrient solutions (Morrel, 1980; 
Welch, 1973). The difference in Fe response in the two species may be due to the difference in 
Fe uptake strategies occurring between wheat and other species common bean (Reichman and 
Parker, 2007; Takagi et al., 1984). Thus V stress might have induced production of 
phytosiderophores as normally occurs in grasses (but not other species) exposed to Fe 
deficiency.  Increased phytosiderophore production has also been observed in grasses exposed 
to other metals e.g. Cd, Cu, Ni, Zn, Co and Mn (Chen et al., 2017) (Meda et al., 2007) (Gries 
et al., 1998; Khobra and Singh, 2018; Schaaf et al., 2004; von Wirén et al., 1996; Zhang et al., 
1991).  
It also appears as though the phytosiderophore release might have increased the uptake of V. 
Vanadate is known to form stable complexes with ligands chemically similar to 
phytosiderophores (e.g. EDTA, bacteriosiderophores) (Bellenger et al., 2011; Crans, 1994) and 
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therefore vanadate could potentially be absorbed by wheat as a vanadate-phytosiderophore 
complex. Thus, further investigation is needed to understand the stability of vanadate- 
phytosiderophore complexes and physiological mechanisms involved in the formation of such 
complexes. 
4.4.1.3 V and P interactions 
When wheat seedlings were exposed to V in solution, root and shoot tissue P concentrations 
generally increased at low micro molar concentrations (16 – 384 µM for roots, 256 µM for 
shoots, Table 4.1) and shoot tissue P concentration decreased at high micro molar V 
concentrations (384-512 µM, Table 4.1) in wheat roots. Comparative results were obtained for 
chick peas (Cicer arietinum L.) (Imtiaz et al., 2017), in which lower concentrations of VO4
3- 
increased P uptake and higher concentrations of VO4
3- (<1180 µM) inhibited P uptake (Figure 
4.3). This could be due to competition between vanadate and phosphate for being transported 
via the same transport system as phosphate (Imtiaz et al., 2017) as vanadate behaves as a 
physiological analogue of phosphate (Crans, 2004). Inhibitory effects of vanadate on phosphate 
uptake is hence prominent at low micro molar concentrations when majority of V occurs as the 
monomer (Crans and Shin, 1988). However, in bean, tissue P concentrations showed a 
generally increasing trend in roots (128 – 512 µM) and shoots (64 - 512 µM) with increasing 
V concentrations in solution (Table 4.1) and also with increasing V concentration in tissue 
(Figure 4.3). The mechanisms by which V increased tissue P concentrations in bean was not 
clear. The nature of V and P interaction for uptake and translocation was however primarily 
dependent on the plant species studied.  
4.4.1.4 V and Mg interactions 
Shoot tissue Mg concentrations were significantly greater in seedlings exposed to V in both 
species Table 4.1). Further, tissue Mg concentrations in wheat roots significantly increased 
under low V burden in solution (32 µM - 64 µM), although tissue Mg concentrations generally 
decreased with increasing tissue V concentration (Table 4.1). As documented in literature, Mg 
is capable of alleviating metal toxicity in plant species by synthesis and exudation of organic 
acid anions, sequestration of metal ions in cellular compartments, increased production of 
antioxidant enzymes etc. (Rengel and Robinson, 1989). Likewise, Mg alleviated Al toxicity in 
wheat (Kinraide et al., 2004), rice bean (Vigna umbellata) (Yang et al., 2007) and broad bean 
(Vicia faba) (Chen et al., 2015), Cd toxicity in Japanese mustard spinach (Brassica rapa L. 
var. perviridis) and Zn toxicity in wheat and radish (Pedler et al., 2004) by maintaining high 
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tissue Mg concentrations. We hypothesize that the metal detoxification processes driven by Mg 
might have been be related to an increase in tissue Mg concentrations noted in seedlings 
exposed to V which needs to be verified by conducting additional investigations. 
4.4.2 Factors affecting V and plant nutrient interactions 
This study revealed that the 2 most critical factors affecting V uptake and thus V and nutrient 
interactions in plants to be the V concentration and the V speciation in nutrient solutions. These 
will be discussed in the next 2 sections of this chapter. 
4.4.2.1 Vanadium concentration dependent uptake of plant nutrients 
Our results indicated that tissue nutrients concentrations increased in plant roots and shoots 
when exposed to particularly low doses of V (~ <128 µM) in solution. Interestingly, none of 
the V treatments led to significant high tissue biomasses in either species. For example, in 
wheat roots, tissue concentrations of P and Mg increased when exposed to ~ 16 - 64 µM V in 
solution, in bean roots tissue Fe concentrations increased when exposed to ~ 16 – 128 µM V 
in solution and in bean shoots tissue Ca and Fe concentrations increased with concentrations 
of 8 – 32 µM V in solution. Yet, in other tissue types examined, the concentration of nutrients 
increased over a broader range of V concentrations in solution which again did not increase the 
tissue biomasses. For example, in wheat roots, tissue Ca and Fe concentrations increased when 
exposed to ~ 64 – 512 µM V in solution and in wheat shoots tissue Fe and Mg concentrations 
increased when exposed to similar V concentrations in solution. Further, in bean roots, tissue 
P concentrations increased when exposed to ~ 128 –512 µM V in solution and in bean shoots, 
tissue Mg and P increased when exposed to ~ 32 – 512 µM V in solution. Hence, vanadate 
effects on tissue concentrations of certain nutrients appears to be positive when the soil solution 
V concentration is < 512 µM. This appears to be one reason why some researchers interpret V 
as a beneficial element in higher plants (Barker and Pilbeam, 2016). Molecular mechanisms 
underlying these variable tissue nutrient concentration responses are not clear but appears to 
have resulted from different physiological processes operating at neutralizing V toxicity. 
Vanadium is not the only metal that has demonstrated varied effects on tissue nutrient 
concentrations at different metal/metalloid concentrations. For example; As (III) significantly 
increased concentrations of N, P, K, Ca, and Mg in the shoots of bean plants (Phaseolus 
vulgaris L.) due to presumed stimulatory effects but the underlying mechanisms were not clear 
(Carbonell-Barrachina et al., 1997). Further investigations are necessary in to understand the 
physiological responses that operate to neutralize V toxicity in plants. Considering the severity 
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of V toxic effects displayed on plant biomass and morphology at concentrations ~ > 128 µM 
V in solution (Table, 4.1, Chapter 3), V altered nutrient uptake and translocation patterns 
observed in this study are likely to change over long term. 
4.4.2.2 Vanadium speciation dependent uptake of plant nutrients 
This study suggested that the uptake rates of V were related to changes in V speciation in the 
nutrient solution. Results were also in agreement with V uptake patterns observed in barley 
(Hordeum vulgare L) seedlings and excised roots (Morrell, 1986; Welch, 1973). Given the 
very complex nature of V speciation in solution that depends on the total V concentration, pH 
etc. in aqueous solutions can exist in any of the protonated forms or in any of the oligomeric 
forms known (Crans, 2006; Welch, 1973). In solutions less than 100 µM, vandate primarily 
occurs as the monomer and at concentrations above 100 µM, vanadate usually occurs as the 
polymer (Welch, 1973). For example, at neutral pH, solutions containing <1000 µM V have 
been shown to contain monomer, dimer, tetramer, and higher oligomers (Crans and Shin, 1988) 
and at >1000 µM V concentrations, vanadate predominantly exists as the trimer or tetramer 
(Boyd and Kustin, 1984). Different V oligomers have confirmed to have varied effects on 
growth of cells (e.g. micobacteria) (Samart et al., 2018; Willsky et al., 1984) causing varied 
toxicity. We hypothesize that varied toxicities of V oligomers have a crucial role to play in 
determining toxicity of V solutions to plants.   
4.5 Conclusions  
The results presented here are the first to validate the proposed hypothesis in the literature that 
V uptake rates in plants are different above and below ~100 µM V concentrations in solution 
due to the monomer ion being the predominant form species present below 100 µM and 
oligomers being predominant over 100 µM.  Additionally, following hypotheses have been 
generated. Tissue V concentration was negatively correlated to tissue Ca concentration in bean 
possibly due to substitution of Ca2+ in cell walls by reduced VO2+ species causing an 
irreversible displacement of tissue Ca2+. Further, V stress was related to an increase of tissue 
Fe concentrations in the roots and shoots of wheat but not in bean. Thus it was hypothesized 
that V stimulated Fe uptake strategies in wheat due to increased tissue Fe concentrations. No 
clear relationships were found between V supply and tissue concentrations of Mg and P. Hence, 
understanding of V interactions with Ca and Fe delivered by this work has the potential to be 
useful in manipulating soil conditions and plant nutrients in regulating V toxicity.  
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 CHAPTER 5 
 
5. EFFECT OF VANADATE AND CALCIUM 
INTERACTIONS ON VANADIUM PHYTOTOXICITY IN 
WHEAT  
 
 
5.1 Introduction 
Close interactions between tissue V and Ca concentrations in plants have been observed 
previously (Cannon, 1963; Kaplan et al., 1990; Olness et al., 2005b; Wallace et al., 1977; 
Wilkinson and Duncan, 1993). Cannon (1963) attributed this response to the precipitation of 
V as calcium vanadate in plant roots.  Kaplan et al. (1990) noticed that V and Ca were co-
located with high concentrations of both elements in roots and low concentrations in aerial 
parts in Phaseolus vulgaris. They suggested that at least part of the detrimental effect of V 
could be due to suppression of Ca concentrations  below  deficiency levels (Kaplan et al., 
1990). However, no research has been undertaken to test such hypotheses and to understand 
the mechanisms of V and Ca interactions in plants.  
 
As demonstrated in the previous experiment (Chapter 3), a significant percentage of Ca and V 
were retained in the roots of wheat which was associated with low Ca concentrations being 
translocated to shoots.  Calcium has been shown to alleviate toxicity of other metals primarily 
by inhibiting metal translocation into shoots. (E.g. Mn in barley (Hordeum vulgare L.) (Alam 
et al., 2006; Kodama et al., 2006), Al in soybean (Glycine max L.) (Brady et al., 1993; Rengel 
and Zhang, 2003). Hence, it was hypothesised that Ca alleviates V toxicity in wheat and that 
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V and Ca interactions in plants need to further investigated for better understanding of V 
toxicity mechanisms in plants. A 3 x 3 factorial experiment was carried out in solution culture 
with three different concentrations of Ca and three concentrations of V. 
 
5.2 Methods 
5.2.1 Plant growth and harvesting activities 
A solution culture experiment was carried out using wheat (Triticum aestivum L. cv. Spitfire) 
in a Conviron Adaptis environmentally controlled growth chamber with a 3 x 3 factorial design 
with three replicates to compare the effects of three V (supplied as NaVO3) concentration and 
three Ca concentrations (supplied as CaCl2) in a completely randomised design using chelator 
buffered nutrient solutions as explained below. 
First, seeds were surface-sterilized in 0.4 M NaOCl for 15 min and then placed on germination 
towels rolled and moistened with tap water and placed upright in a tall 1.5 L container beaker 
approximately ¼ filled with tap water in a Conviron Adaptis growth chamber set at 12 h (dark), 
18 °C: 12 h (light ca. 460 micromoles m-2 sec-1), 22 °C temperature and light regime, 65% 
humidity for 4 d. Seedlings were then transferred to 1 L polypropylene pots covered with black 
polythene and filled with a chelator buffered nutrient solution (Pedler et al., 2000; Reichman 
and Parker, 2007a). Seedlings were placed vertically in place inside a polypropylene tube using 
a square of foam and then fitted into small holes in the lids of each container. Ten wheat 
seedlings were planted per pot. The nutrient solution in each pot was continuously aerated by 
an aquarium air stone (Kordon, Novalek Inc, Hayward, CA, USA) connected to a silicon tube 
carrying filtered compressed air placed through a hole in the lid.  
All chemicals used for this study were of Analytical Reagent grade or Trace Metal grade. Basal 
nutrients were supplied as (µM): NO3
-, 4800; NH4
+, 200; P, 80; K, 1080; Mg, 500; Mn, 0.6; 
Zn, 8; Cu, 2; B, 10, Mo, 0.1; Ni, 0.1; and Cl, 21.4. The solutions contained 35.7 µM 
hydroxyethylethylenediaminetriacetic acid (HEDTA) (representing a 25 µM excess above the 
sum of the Mn, Cu, Zn and Ni concentrations) to control trace-metal activity. Seedlings were 
grown in complete solution culture that contained 75 µM Fe as FeCl3 plus another 75 µM 
HEDTA to buffer the Fe activity (Reichman and Parker, 2007b). The possibility of 
V(V)/HVO4
2_ forming a complex with HEDTA3_ (pKa = 0.5) (Wu et al, 2016) was ruled out 
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as the Fe3+ forms a more stable complex with HEDTA3- (pKa= 19.8) under the experimental 
conditions (Martell and Smith, 1977). To buffer the solution culture at pH 6.2 ± 0.2, the solution 
contained 1mM 2-(N-morpholino) ethanesulfonic acid (MES) buffering agent and 0.5 mM 
NaOH. The experiment consisted of three V(V) treatments [0, 100, 350 µM of NaVO3 (> 99.9 
% purity, Sigma–Aldrich)], two Ca treatments [400, 1800, 3200 µM of CaCl2 (anhydrous, 
≥99.99% trace metals basis)] with three replicates of each treatment. The Ca treatments were 
imposed at the time of transplant. Vanadium treatments (> 99.9 % purity, Sigma–Aldrich) were 
added 24 h after the seedlings were initially transferred to nutrient solutions using 3-day old V 
stock solutions. 
Experimental pots were placed in 2 shelves of the growth chamber in a using a random 
sequence generated by Microsoft Excel 2010. Daily measurements of pH were made and the 
pH adjusted, as necessary, with 0.1 M NaOH or HCl. Solutions were renewed on days 8, 15 
and 18 after the seedlings were transplanted. Experimental pots were re-randomized on days 8, 
15 and 18. Plant morphology and symptoms were recorded daily. 
Plants were harvested on day 21 after transplanting. Shoots and roots were harvested separately 
from each of the plants in the same treatment pots, and they were composited and homogenized. 
Tissue samples were rinsed sequentially, in 2 % Decon (Thermo Fisher Ltd), in tap water, 2 by 
tap water and an ultrapure (18MΩ.cm) water rinse. Tissue samples were then gently blotted 
dry with paper towel and the fresh weight determined. Then leaves were cut into small pieces 
(ca. 5 x 5 mm2) using a clean pair of scissors and mixed well. Approximately 0.5 g of each 
fresh leaf sample was measured out and placed in polypropylene jars for analysis of 
chlorophyll. The rest of the tissue samples were placed in paper bags and dried at 70 ºC for 48 
h. Oven dried shoot and root samples were weighed and then ground into a fine powder using 
a coffee grinder.  
5.2.2 Bulk metal analysis  
Approximately 0.2 g of ground tissue samples were digested using 5 ml of nitric acid (70%, 
Sigma Aldrich, Analytical grade) in a digest block at 115 0 C for 4 hours. The mixture was 
cooled for 15 minutes and 1 ml of H2O2 (30% w/w, sigma Aldrich)  was added and boiled again 
for 15 minutes (Sah and Miller, 1992). Ten sample blanks were included and a standard 
reference material for quality control [Citrus leaves (NCS ZC 73018 (GS-11)]. All 
experimental samples and the standard reference material was digested and analysed in 
 90 
 
duplicate. Total V concentrations in digested samples were analysed using inductively coupled 
plasma mass spectrometry (ICP-MS, Agilent, 7700) and Ca and Fe by microwave plasma 
atomic emission spectrometry (MP-AES, Agilent, 4200). 
5.2.3 Determination of chlorophyll a and b  
Following the method of Jeffrey and Humphrey (1975), for  extraction of chlorophyll pigments, 
approximately 0.5 g of fresh leaf pieces were placed together with half the volume of clean 
sand and 5 mL of 90% acetone solvent in a mortar and pestle .  The mixture was ground for 
three minutes in a fume hood and then the residue was filtered and washed with two further 
2mL aliquots of 90% acetone.   The entire organic extract was quantitatively transferred to a 
standard 25 mL flask and made up to 25mL with 90% acetone. The contents were then poured 
into a centrifuge tube followed by centrifugation at 13 500 rpm for three minutes. About 10 ml 
of the clear supernatant was filtered into a 15 ml centrifuge tube, covered with a screw cap and 
stored at -35°C in the dark for 16 hours. The samples were thawed at room temperature in the 
dark for ~2 hours before analysis. Using glass cuvettes with stoppers, absorbance of the extracts 
were read at 664, 647and 630nm using a UV-Visible spectrophotometer.  Chlorophyll a and b 
content was calculated using the following equations (Jeffery and Humphrey, 1975). 
 
Chlorophyll a (g/kg DM)= 11.85*A664
 – 1.54*A647  - 0.08*A630 
Chlorophyll b (g/kg DM)= -5.43*A664 + 21.03A647 – 2.66*A630Where A647 refers to the 
absorbance at 647 nm, A664 to the absorbance at 664 nm and A630 to the absorbance at 630. 
5.2.4 Determination of root exudate phytosiderophores 
Phytosiderophore samples were collected using established procedures (Reichman and Parker, 
2007). The PSs were collected between 9 am and 12 noon (i.e. between 3 h and 6 h after the 
light period commenced).  The lid of each container holding the plants was removed from the 
nutrient solution and the plants were rinsed twice with ultrapure water (18 MΩ cm). Then, the 
lid holding plants were transferred to a 500 ml plastic collection container filled with 250 ml 
ultrapure water so the roots were covered by the collection solution. The aeration tube was 
reconnected and the plants were left in the growth chamber for 3 hours. After the collection 
period, the plants were removed from the collection container and returned to the nutrient 
solution. One ml of Micropur solution (10 mg/l) was added to the collection solution upon 
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removal of the plants to prevent microbial degradation of root exudate chemicals. Then the 
solution was vacuum-filtered through a 0.45 µm pore sized filter and stored in a freezer (-20 
0C) for ~48 h until further analysis.   
Samples were thawed at room temperature for 2 h before conducting the Revised Fe-Binding 
Assay analysis (Reichman and Parker, 2007). Experimental samples were analysed in 
duplicate. Ten ml of each sample was mixed with 0.5 ml of 0.6 mM FeCl3 and shaken in a 
rotary shaker for 15 min. Then 1 ml of 1.0 M Na-acetate buffer (pH 7.0) was added and the 
solution was shaken again for ten min. The solution was then filtered through a 0.2 µM 
Whatman GF/F filter paper into a 25ml test tube. Next, 0.25 ml of 6 M HCl was added to each 
test tube and the contents were mixed well. Then, 0.5 ml of 80 g/l hydroxylamine hydrochloride 
was added to each test tube and mixed again before the solutions were placed in an oven at 50-
60°C for 30 min. Upon removal from the oven, 0.25 ml of 2.5 g /l ferrozine and 1 ml of 2.0 M 
Na-acetate buffer (pH 4.7) were added to each tube and the contents mixed. After 5 min, the 
absorbance was determined at 562 nm using a UV/Visible spectrophotometer. Absorbance was 
converted to concentrations using a standard curve prepared using 0.2 to 1 mM FeCl3. 
Absorbance readings were converted to concentrations using the Beer-Lambert Law. 
Abs = ɛ l C assay 
Where Abs is the maximal reading from which the blank has been subtracted, 
Ɛ is the molar absorptivity (1/0.000045 litre mol/cm),  
l is the length of light path in the spectrophotometer cell, l = 1 cm 
 C assay is the concentration of ligand in the assay (M). 
 The concentration of ligand in the final assay volume (13.5 ml) was then converted into the 
concentration in the original 10 ml aliquot of ligand. 
5.2.5 Statistical analysis 
Statistical analyses were performed using Minitab 18 (Minitab, Inc., State College, PA, USA). 
Means were compared using one way ANOVA for main effects. Differences were considered 
significant at p<0.05. In the event of significance, two way ANOVA was used to find any 
interaction effects. Multiple comparisons (Least Significant Difference/LSD) were used to 
assess significance. Data that failed homogeneity of variance and normal distribution of error 
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testing (p>0.05) were square root or log10 transformed to achieve homogeneity in the variance 
of residuals, and statistical significance was based on analysis of the transformed data. 
 
5.3 Results 
Descriptive statistics for tissue biomasses and concentrations of tissue V, Ca, Fe, 
phytosiderophores and chlorophyll pigments have been given in Table 5.1. Vanadium and Ca 
treatment effects on tissue biomasses, concentrations of tissue V, Ca and Fe, phytosiderophores 
and chlorophyll pigments a and chlorophyll pigments b have been discussed in detail in 
sections 5.3.3 – 5.3.6. 
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Table 5.1 Descriptive statistics for wheat (Triticum aestivum L. cv. Spitfire) seedlings grown at 3 V concentrations (0, 100 and 350 µM) and 3 Ca 
concentrations (400, 1800 and 3200 µM) in a 3 x 3 factorial experiment. Values are means (n=3) ± standard error.  
  
Tissue 
type 
Solution 
Ca conc. 
(µM) 
Solution 
V conc. 
(µM) 
Dry mass (g) Tissue V conc. 
(mg/kg) 
Tissue Ca conc.  
(g/kg) 
Tissue Fe conc. 
(mg/kg) 
Phytosiderophor
e conc. (µmol/g 
DM1) 
chlorophyll a 
(g/kg DM) 
 
chlorophyll b  
(g/kg DM) 
C  
Shoot 400 0 0.93±0.08 0.16±0.02 5.79±0.49 101.7±5.62a - 9.66±1.32 3.69±0.75 
Shoot 400 100 1.06±0.06 14.28±5.87 6.09±0.21 95.00±2.72a - 8.84±1.28 3.87±0.66 
Shoot 400 350 0.46±0.07 175.7±21.29 5.81±0.11 99.15±5.14a - 8.44±0.55 4.20±0.46 
Shoot 1800 0 1.02±0.13 0.09±0.01 6.33±0.7 165.86±14.24b - 9.68±0.52 3.43±0.30 
Shoot 1800 100 1.14±0.07 11.07±0.12 8.78±0.67 154.15±16.71b - 8.88±0.48 3.68±0.44 
Shoot 1800 350 0.42±0.02 140.81±9.24 5.66±0.37 80.34±17.93a - 8.51±0.88 4.25±0.52 
Shoot 3200 0 0.89±0.04 0.08±0.01 7.37±0.6 116.06±12.69ab - 9.83±0.96 3.92±0.54 
Shoot 3200 100 1.04±0.13 10.67±0.65 8.15±1 103.05±10.82a - 8.52±1.18 3.45±0.47 
Shoot 3200 350 0.36±0.02 161.92±12.98 5.52±0.02 75.82±1.55a - 8.32±0.76 4.70±0.87 
Root 400 0 0.41±0.03a 0.26±0.05a 2.38±0.53a 154.92±31.25a 2.74±0.25a - - 
Root 400 100 0.37±0.04a 369.24±47.65b 2.46±0.46a 180.33±42.38a 4.41±0.32ab - - 
Root 400 350 0.26±0.01b 1716.9±74c 2.55±0.11ab 142.58±12.11a 6.25±0.51b - - 
Root 1800 0 0.42±0.02a 0.56±0.08a 2.67±0.02ab 132.25±13.74a 2.96±0.17a - - 
Root 1800 100 0.36±0.01a 398.17±59.4b 2.75±0.48ab 136.73±68.36a 4.77±0.46ab - - 
Root 1800 350 0.24±0.02b 1182.69±46.94c 2.84±0.03ab 161.65±43.95a 6.6±0.48bc - - 
Root 3200 0 0.39±0.01a 0.64±0.09a 3.04±0.03c 58.02±23.05c 3.44±0.33ab - - 
Root 3200 100 0.40±0.03a 277.95±19.91b 2.97±0.4c 103.17±10.76c 4.85±0.56ab - - 
Root 3200 350 0.19±0.01b 1692.81±168.74
c 
2.84±0.16ab 85.39±10.31a 7.06±0.44c - - 
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5.3.1 Effect of V and Ca on tissue biomass  
Solution V concentration was the key factor that determined tissue biomasses in wheat. 
Thus, 350 µM V treatments were associated with lower tissue biomasses in shoots (F=62.50, 
df=2, p<0.001) (Figure 5.1 a) and roots (F=84.03, df=2, p<0.001) (Figure 5.1 d) in 
comparison to 0 V control treatments in wheat. However, changing Ca concentrations in 
solution were not associated with significant changes in tissue biomasses in wheat shoots 
(F=1.20, df=2, p=0.317) (Figure 5.1 b) or roots (F=1.65, df=2, p=0.211) (Figure 5.1e). 
Further, there were no significant interactions occurring between solution V concentrations 
and solution Ca concentrations affecting tissue biomasses in wheat shoots or roots.  
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Figure 5.1 Relationships between V concentrations in the nutrient solution on the biomasses 
of (a-c) shoots and (d-f) roots of wheat (Triticum aestivum L.) seedlings grown at 3 V 
concentrations (0, 100 and 350 µM) and 3 Ca concentrations (400, 1800 and 3200 µM) in a 
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3 × 3 factorial experiment. Values are means (n=3) ± standard error. For each panel, different 
letters above the bars indicate significant differences between treatments (p<0.05). 
 
5.3.2 Effect of V and Ca treatments on tissue V concentration 
Vanadium treatments were primarily associated with tissue V concentrations in wheat shoots 
and roots (Figure 5.2 a and Figure 5.2 d). Thus, in shoots, 350 µM V treatments were 
associated with higher tissue V concentrations (F=255.30, df=2, p<0.001) in comparison 0 
V control treatments (Figure 5.2a) irrespective of the Ca treatment effects.   In roots, 
increasing solution V concentrations were associated with increasing tissue V 
concentrations (F=410.44, df=2, p<0.001) (Figure 5.2d) irrespective of the solution Ca 
concentrations. However, solution Ca concentrations were not associated with significant 
changes in tissue V concentrations in wheat shoots (F=4.6, df=2, p=0.290) (Figure 5.2 c) 
irrespective of the solution V concentrations. In roots, however, there was a greater 
accumulation of V in seedlings exposed to 400 µM Ca than those seedlings exposed to 1800 
µM Ca (F=4.97, df=2, p=0.015) (Figure 5.2e). Further, solution V significantly interacted 
with solution Ca concentration to determine tissue V concentrations in wheat roots (Figure 
5.2f). Accordingly, seedlings those were exposed to 350 µM V and 1800 µM Ca had 
significantly low tissue V concentrations in roots than those plants exposed to 350 µM V 
and 400 or 3200 µM Ca (F=7.61, df=2, p<0.001). 
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Figure 5.2  Relationships between V and Ca concentrations in the nutrient solution and tissue 
V concentrations of (a-c) shoots and (d-f) roots of wheat (Triticum aestivum L.) seedlings 
grown at 3 V concentrations (0, 100 and 350 µM) and 3 Ca concentrations (400, 1800 and 
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3200 µM) in a 3 × 3 factorial experiment. Values are means (n=3) ± standard error. For each 
panel, different letters above the bars indicate significant differences between treatments 
(p<0.05). 
 
5.3.3 Effect of V and Ca on tissue Ca concentration 
Shoot tissue Ca concentrations were influenced by both solution Ca concentrations and 
solution V concentrations (Figure 5.3 a, b and c). Thus, tissue Ca concentrations in shoots 
increased when plants were exposed to 100 µM V in solution (F=10.38, df=2, p=0.001) but 
not when exposed to 350 µM V in comparison to the control tissues. Shoot Ca concentrations 
also increased significantly when seedlings were exposed to 3200 µM Ca in solution 
(F=3.97, df=2, p=0.034) compared to the 400 µM Ca treatment. There were no significant 
interactive effects occurring between solution V concentrations and solution Ca 
concentrations that affected shoot tissue Ca concentrations (F=0.27, df=4, p=0.067) or root 
tissue Ca concentrations (F=0.11, df=4, p=0.979).In addition, root tissue Ca concentrations 
were not determined by solution V concentrations (F=0.02, df=2, p=0.985) or solution Ca 
concentrations (F=1.70, df=2, p=0.203) (Figure 5.3 d, e, and f).  
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Figure 5.3 Relationships between V concentrations in the nutrient solution on the tissue Ca 
concentrations of (a-c) shoots and (d-f) roots of wheat (Triticum aestivum L.) seedlings 
grown at 3 V concentrations (0, 100 and 350 µM) and 3 Ca concentrations (400, 1800 and 
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3200 µM) in a 3 × 3 factorial experiment. Values are means (n=3 ± standard error. For each 
panel, different letters above the bars indicate significant differences between treatments 
(p<0.05). 
 
5.3.4 Effect of Ca and V on tissue Fe concentration  
 Investigation of the total Fe concentrations in wheat tissue revealed significantly lower Fe 
concentrations in shoots (F= 12.18, df=2, p<0.001) exposed to 350 µM V concentration 
compared to the control treatment (Figure 5.4 a). Visual observations included chlorotic 
mature leaves in plants exposed to 350 µM V at the time of harvest but not in control plants. 
Conversely, solution V concentrations did not appear to alter tissue Fe concentrations in 
wheat roots (F= 1.01, df=2, p=0.381) in comparison to control tissues (Figure 5.4 c).  
Solution Ca concentration was also related to tissue Fe concentrations in both shoots and 
roots in wheat (Figure 5.4 b and d). High Ca treatments (3200 µM) were associated with low 
tissue Fe concentrations in both shoots (F= 7.80, df=2, p=0.003) and roots (F= 8.12, df=2, 
p=0.04) in comparison to medium Ca treatments (1800 µM). In shoots however, 
significantly low tissue Fe concentrations compared to what? were also detected in plants 
exposed to low Ca treatments (400 µM).  
In addition, there was an interactive effect between V and Ca supply on shoot tissue 
concentrations.  Thus, plant shoots exposed to 350 µM V and 3200 µM or 400 µM Ca in 
solution  had lower tissue Fe concentrations (F= 4.22, df=4, p=0.011) in comparison to those 
seedlings that were exposed to 1800 µM Ca and 0 V (Figure 5.4 c). Conversely, no V and 
Ca interactions were associated with significant changes in tissue Fe concentrations in wheat 
roots (F= 1.07, df=4, p=0. 397) (Figure 5.4 f).  
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Figure 5.4 Relationships between V concentrations in the nutrient solution on the tissue Fe 
concentrations of (a-c) shoots and (d-f) roots of wheat seedlings grown at 3 V concentrations 
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(0, 100 and 350 µM) and 3 Ca concentrations (400, 1800 and 3200 µM) in a 3 × 3 factorial 
experiment. Values are means (n=3) ± standard error. For each panel, different letters above 
the bars indicate significant differences between treatments (p<0.05). 
5.3.5 Effect of Ca and V on phytosiderophore release  
 
Increasing V concentrations in solutions were associated with increases in the release of 
phytosiderophores by wheat roots (F= 184.57, df=2, p<0.001) (Figure 5.5). Conversely, 
solution Ca concentration (F= 5.97, df=2, p=0.228) did not affect the phytosiderophore (PS) 
concentration released from the roots exposed to different V and Ca treatments (Figure 5.5).  
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Figure 5.5 Relationship between V concentrations in the nutrient solution and 
phytosiderophore release by roots of wheat seedlings (Triticum aestivum L.) grown at three 
concentrations (0, 100 and 350 µM) and three Ca concentrations (400, 1800 and 3200 µM) 
in a 3 × 3 factorial experiment. Values are means (n=4) ± standard error. For each panel, 
different letters above the bars indicate significant differences between treatments (p<0.05). 
5.3.6 Effect of V and Ca on chlorophyll concentration in shoots 
 
There was little effect of V or Ca concentrations in solution on chlorophyll pigment 
concentrations in wheat shoots (Table 5.1).  The only differences in chlorophyll 
concentration were found between seedlings exposed to 0 µM V treatment and 1800 µM Ca 
treatment (medium Ca treatment) and seedlings exposed to 350 µM V treatment (F= 122.45, 
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df=2, p<0.001). Calcium concentrations in the medium did not affect the chlorophyll 
pigment ratios in wheat shoots significantly (df=2, F= 5.72, p=0.25) (Figure 5.6) 
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Figure 5.6 Relationship between V concentrations in the nutrient solution on chlorophyll a: 
b ratio in roots of wheat seedlings grown at three V concentrations (0, 100 and 350 µM) and 
three Ca concentrations (400, 1800 and 3200 µM) in a 3 x 3 factorial experiment. Values 
are means (n=3 ± standard error. For each panel, different letters above the bars indicate 
significant differences between treatments (p<0.05). 
 
5.4 Discussion 
5.4.1 Vanadium main effects  
 
This study demonstrated that high solution V concentrations (350 µM) had significant 
effects on tissue biomasses in wheat (Figure 5.1 a and 5.1d). Although 100 µM V treatments 
did not impact tissue biomasses significantly, the 350 µM V treatments were associated with 
~ 50% reductions in tissue biomasses of shoots and roots.  Such biomass losses were in 
agreement with the findings of the rate trial experiment discussed in Chapter 3. 
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Generally, changing solution V concentrations did not result in changes in tissue Ca 
concentrations in the present study. The only exception was in the wheat shoot tissue 
exposed to 100 µM V treatment (Figure 5.3 a) that had significantly higher tissue Ca 
concentrations than control 0 V treatment.  Generally, results were in agreement with V 
effects on shoot tissue Ca concentrations in V effects on nutrient dynamics experiment 
(Chapter 4). Besides, a generally increasing trend in root tissue Ca concentrations were 
observed with increasing solution V concentrations in the previous experiment (Chapter 4) 
with only small but significant differences occurring in Ca concentrations between V 
treatments. It’s not clear why there were significant differences in root tissue Ca 
concentrations between V treatments in the previous experiment but it may be due to 
experimental artefacts given the consistent lack of a Ca response in Chapter 4 and all other 
treatments in this chapter. 
 
Vanadium treatments had significant effects on tissue Fe concentrations in wheat. Thus, high 
V treatments (350 µM) were associated with significantly lower tissue Fe concentrations in 
shoots (Figure 5.4 a) irrespective of the Ca treatment. Interestingly, both 350 µM and 100 
µM V treatments did not cause any significant decreases in Fe concentrations in wheat roots 
in comparison to 0 V control roots (Figure 5.4d). It was hypothesize that the low Fe 
concentrations in shoots exposed to 350 µM V may have triggered additional Fe uptake 
strategies in roots aimed at increasing Fe translocation into the shoots that enhanced the 
uptake of Fe in roots which possibly prevented the roots from developing Fe deficiency. 
This was supported by the results of root exudate phytosiderphore (PS) analysis, in which 
with increasing V concentration in solution, plant roots secreted increasing concentrations 
of PSs, potentially to overcome the low Fe concentrations in the shoots. A similar response 
has been observed in barley seedlings exposed to As toxicity (Shaibur et al., 2009) in which 
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authors observed As at a level of 67 µM increased the Fe concentration and accumulation in 
shoots clearing chlorotic symptoms. Increases in the concentration of Fe in the shoot was 
thought to result from enhanced Fe translocation from the roots to the shoots (Shaibur et al., 
2009). 
To the best of the author’s knowledge, this is the first time in the published literature that 
phytosiderophore release has been documented to enhance Fe nutrition in plants. 
Phytosiderophore-mediated Fe acquisition has shown to have improved Fe uptake in the 
presence of other heavy metals providing plants with an advantage under metal stress (Meda 
et al., 2007). Whether phytosiderophore release indirectly enhanced V uptake in the current 
experiment or if V uptake was inhibited via phytosiderophore chelation is currently unclear. 
Vanadium and Fe effects on phytosiderophore release and Fe nutrition in plants will be 
discussed further in Chapter 6 
 
5.4.2 Calcium main effects  
 
Solution Ca concentration did not cause a significant impact on tissue biomass in wheat 
(Figure 5.1a and b) which was as expected given that the concentrations of Ca supplied were 
considered sufficient for growth; e.g. Ca concentrations of 500, 1000 and 2000 µM did not 
affect soy bean growth (Brady et al., 1993). Yet, solution Ca concentrations were associated 
with notable changes in both shoot and root tissue Fe concentrations. Thus, high Ca 
treatments (3200 µM) were linked to a low tissue Fe concentration in roots and shoots in 
comparison to medium Ca treatments (1800 µM) possibly due to competition for uptake as 
Ca and Fe act as metabolic analogs (Epstein, 1956). Changes in Ca concentrations in solution 
were not directly connected to chlorophyll pigment ratios or phytosiderophore release by 
roots.  
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5.4.3 Vanadium and Ca interactive effects 
 
Solution V concentration and solution Ca concentration interacted significantly to determine 
tissue V concentrations and tissue Ca concentrations in wheat shoots (Figure 5.2 c and 5.3 
c) but not in wheat roots. However, such interactions only changed the tissue V 
concentrations in wheat shoots when exposed to 350 µM V and 1800 µM Ca treatments 
only. Similarly, tissue Ca concentrations were affected by V and Ca interactions when 
seedling were treated with 100 µM V and 400 µM Ca treatments only. Therefore, V and Ca 
interactions were not associated with consistent changes in tissue Ca and V concentration.  
Further investigations on V and Ca interactions will be carried out and results presented in 
Chapter 8. Experiments will be carried out to test the consistency of the results obtained in 
the current experiment and to understand the processes involved in the V and Ca interaction.   
 
Further, the current study nullified the hypothesis that excess Ca (3200 µM) would alleviate 
the toxicity of V as previously speculated. Instead, when V treated wheat seedlings were 
grown in solutions containing excess Ca, V did not significantly change biomass (Figure 
5.3a and b) or tissue V concentrations in root tissue or shoot tissue (Figure 5.3d). Vanadium 
and Ca did not co-locate with high concentrations in roots and low concentrations in aerial 
parts as observed in previous experiments using Phaseolus vulgaris (Kaplan et al., 1990) 
possibly due to inter species variations of the 2 species. Wheat being a grass species uses 
alternate Fe uptake strategies under Fe limiting conditions which is not a phenomenon that 
is found in common to bean.  However, no work has been conducted to understand 
mechanisms of V and Ca interactions in plants. 
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5.5 Conclusions 
Calcium did not affect biomass or tissue V concentrations in both wheat roots and shoots. 
Solution V effects on tissue Ca concentrations were inconsistent. Hence, excess Ca in 
solution did not alleviate V toxicity as hypothesized.  Instead, the high V treatment (3200 
µM) was associated with reduced tissue Fe concentrations in both shoots and roots. For the 
first time in published literature, it has been demonstrated that, V stimulates the secretion of 
phytosiderophores in wheat roots, possibly to overcome Fe deficiency symptoms in shoots 
exposed to V toxicity.  
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      CHAPTER 6  
 
6 EFFECT OF VANADATE AND IRON INTERACTIONS 
ON VANADIUM TOXICITY IN WHEAT  
 
6.1 Introduction  
 
Vanadium effects on Fe dynamics in plants are not fully understood. Vanadium was thought 
to play a role in the metabolism of Fe in higher plants (Basiouny, 1984). Diverse results 
have been presented by various research groups regarding V effects on Fe metabolism of 
various species. Some research claimed that V induced Fe deficiency (e.g. bush beans 
(Wallace et al., 1977, Kohno and Foy, 1983), sweet basil (Akoumianaki-Ioannidou et al., 
2016) and in soybean (Ueoka et al., 2001)) while others claimed that V enhanced tissue 
concentrations Fe [e.g. tomato (Basiouny, 1984) and soy bean (Warington, 1954)] 
particularly at low concentrations (ca 5 µmol/ l) and that excess Fe alleviated V toxicity [e.g. 
peas and flax (Warrington 1954) and soy bean (Warington, 1956)].  Some studies 
demonstrated that V reduced chloroplasts numbers; e.g. rice (Somasundaram et al., 1994); 
cuphea (Olness et al., 2005) and sweet basil (Akoumianaki-Ioannidou et al., 2016) and 
disrupted the structure of chloroplasts [e.g. green beans (Saco et al., 2012)] while other 
studies indicated that V increased chlorophyll pigments; e.g. corn (Singh, 1971). Thus, V 
effects on Fe dynamics in plants are yet to be verified. 
In the previous chapters, a hypothesis was established that V had a significant effect on Fe 
dynamics in wheat. In chapter 3, the results showed that the increased V concentration in 
tissue was correlated with significant increases in tissue Fe concentrations in the roots and 
shoots of wheat.  In the Chapter 5, it was observed that with increasing V concentration in 
solution, plant roots secrets increasing concentrations of phytosiderphores (PS), potentially 
to overcome a low Fe concentrations prevailing in the shoots as the typical phenomenon of 
PS release is associated with Fe-deficient wheat (Ma et al., 1995). It was hypothesized that 
the low Fe concentrations in shoots exposed to 350 µM V triggered additional Fe uptake 
strategies in roots via the release of PS that enhanced the uptake of Fe which possibly 
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prevented the roots from developing Fe deficiency. Main objective of this chapter was to 
understand (i) V effects on Fe nutrition in wheat (uptake and translocation) and (ii) to 
understand V and Fe effects on the concentration and release of PS in wheat roots.   
 
6.2 Methods 
6.2.1 Plant growth and harvesting activities 
A solution culture experiment was carried out using wheat (Triticum aestivum L. cv. 
Spitfire) with a 3 x 3 factorial design to compare the effects of three V (supplied as NaVO3) 
concentrations, 2 Fe concentrations (supplied as FeCl3) and 3 replicates in a completely 
randomised design using chelator buffered nutrient solutions in a Conviron Adaptis 
environmentally controlled growth chamber as explained below. 
First, seeds were surface-sterilized in 0.4 M NaOCl for 15 min and then placed on 
germination towels rolled and moistened with tap water and placed upright in a tall 1.5 L 
container beaker approximately ¼ filled with tap water in a Conviron Adaptis growth 
chamber set at 12 h (dark), 18 °C: 12 h (light ca. 460 micromoles m-2 sec-1), 22 °C 
temperature and light regime, 65% humidity for 4 d. Seedlings were then transferred to 1 L 
polypropylene pots covered with black polythene and filled with a chelator buffered nutrient 
solution (Pedler et al., 2000; Reichman and Parker, 2007a). Seedlings were placed vertically 
in place inside a polypropylene tube using a square of foam and then fitted into small holes 
in the lids of each container. Ten wheat seedlings were planted per pot. The nutrient solution 
in each pot was continuously aerated by an aquarium air stone (Kordon, Novalek Inc, 
Hayward, CA, USA) connected to a silicon tube carrying filtered compressed air placed 
through a hole in the lid.  
All chemicals used for this study were of Analytical Reagent grade or Trace Metal grade. 
Basal nutrients were supplied as (µM): NO3
-, 4800; NH4
+, 200; P, 80; K, 1080; Ca, 1800; 
Mg, 500; Mn, 0.6; Zn, 8; Cu, 2; B, 10, Mo, 0.1; Ni, 0.1; and Cl, 21.4. The solutions contained 
35.7 µM hydroxyethylethylenediaminetriacetic acid (HEDTA) (representing a 25 µM 
excess above the sum of the Mn, Cu, Zn and Ni concentrations) to control trace-metal 
activity.  
Seedlings were grown in Fe sufﬁcient and Fe-deﬁcient chelator-buffered nutrient solutions.   
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The possibility of V(V)/HVO4
2_ forming a complex with HEDTA3_ (pKa = 0.5) (Wu et al, 
2016) was ruled out as the Fe3+ forms a more stable complex with HEDTA3- (pKa= 19.8) 
under the experimental conditions (Martell and Smith, 1977). To buffer the solution culture 
at pH 6.2 ± 0.2, the solution contained 1mM 2-(N-morpholino) ethanesulfonic acid (MES) 
buffering agent and 0.5 mM NaOH.  
The experiment consisted of 3 V treatments [0, 100, 350 µM of NaVO3 (> 99.9 % purity, 
Sigma–Aldrich)], 2 Fe treatments [3.5 and 75 FeCl3 (anhydrous, ≥99.99% trace metals 
basis)] Each Fe treatment-by-V treatment was replicated three times. The Fe treatments were 
imposed at the time of transplant. Fe was supplied at 75 µ M as FeCl 3 (plus 75 µ M HEDTA 
to buffer the Fe activity) in the sufficient treatment. In the Fe-deﬁcient treatment, Fe was 
supplied as 3.75 µ M  FeCl 3  (plus 3.75 µ M HEDTA) (Reichman and Parker, 2007b). 
Vanadium treatments (> 99.9 % purity, Sigma–Aldrich) were added 24 h after the seedlings 
were initially transferred to nutrient solutions using 3-day old V stock solutions. 
Experimental pots were placed in 2 shelves of the growth chamber in a using a random 
sequence generated by Microsoft Excel 2010. Daily measurements of pH were made and 
the pH adjusted, as necessary, with 0.1 M NaOH or HCl. Solutions were renewed on days 
8, 15 and 18 after the seedlings were transplanted. Experimental pots were re-randomized 
on days 8, 15 and 18. Plant morphology and symptoms were recorded daily. 
Plants were harvested on day 21 after transplanting. Shoots and roots were harvested 
separately from each of the plants in the same treatment pots, and they were composited and 
homogenized. Tissue samples were rinsed sequentially, in 2 % Decon (Thermo Fisher Ltd), 
in tap water, 2 by tap water and an ultrapure (18MΩ.cm) water rinse. Tissue samples were 
then gently blotted dry with paper towel and the fresh weight determined. Then leaves were 
cut into small pieces (ca. 5 x 5 mm2) using a clean pair of scissors and mixed well. 
Approximately 0.5 g of each fresh leaf sample was measured out and placed in 
polypropylene jars for analysis of chlorophyll. The rest of the tissue samples were placed in 
paper bags and dried at 70 ºC for 48 h. Oven dried shoot and root samples were weighed and 
then ground into a fine powder using a coffee grinder.  
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6.2.3 Bulk metal analysis  
 
Approximately 0.2 g of ground tissue samples were digested using 5 ml of nitric acid (70%, 
Sigma Aldrich, Analytical grade) in a digest block at 115 0 C for 4 hours. The mixture was 
cooled for 15 minutes and 1 ml of H2O2 (30% w/w, sigma Aldrich)  was added and boiled 
again for 15 minutes (Sah and Miller, 1992). Ten sample blanks were included and a 
standard reference material for quality control [Citrus leaves (NCS ZC 73018 (GS-11)]. All 
experimental samples and the standard reference material was digested and analysed in 
duplicate. Total V concentrations in digested samples were analysed using inductively 
coupled plasma mass spectrometry (ICP-MS, Agilent, 7700) and Fe by microwave plasma 
atomic emission spectrometry (MP-AES, Agilent, 4200). 
 
6.2.4 Determination of chlorophyll a and b  
 
Following the method of Jeffrey and Humphrey (1975), for  extraction of chlorophyll 
pigments, approximately 0.5 g of fresh leaf pieces were placed together with half the volume 
of clean sand and 5 mL of 90% acetone solvent in a mortar and pestle .  The mixture was 
ground for three minutes in a fume hood and then the residue was filtered and washed with 
two further 2mL aliquots of 90% acetone.   The entire organic extract was quantitatively 
transferred to a standard 25 mL flask and made up to 25mL with 90% acetone. The contents 
were then poured into a centrifuge tube followed by centrifugation at 13 500 rpm for three 
minutes. About 10 ml of the clear supernatant was filtered into a 15 ml centrifuge tube, 
covered with a screw cap and stored at -35°C in the dark for 16 hours. The samples were 
thawed at room temperature in the dark for ~2 hours before analysis. 
Using glass cuvettes with stoppers, absorbance of the extracts were read at 664, 647and 
630nm using a UV-Visible spectrophotometer.  Chlorophyll a and b content was calculated 
using the following equations (Jeffery and Humphrey, 1975). 
 
Chlorophyll a (g/kg DM)= 11.85*A664
 – 1.54*A647  - 0.08*A630 
Chlorophyll b (g/kg DM)= -5.43*A664 + 21.03A647 – 2.66*A630 
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Where A647 refers to the absorbance at 647 nm, A664 to the absorbance at 664 nm and A630 
to the absorbance at 630 nm. 
6.2.5 Determination of root exudate phytosiderophores 
Phytosiderophore samples were collected using established procedures (Reichman and 
Parker, 2007). The PSs were collected between 3 h after the light period commenced. The 
lid of each container holding the plants was removed from the nutrient solution and the 
plants were rinsed twice with ultrapure water (18 MΩ cm). Then, the lid holding plants were 
transferred to a 500 ml plastic collection container filled with 250 ml ultrapure water so the 
roots were covered by the collection solution. The aeration tube was reconnected and the 
plants were left in the growth chamber for 3 hours. After the collection period, the plants 
were removed from the collection container and returned to the nutrient solution. One ml of 
Micropur solution (10 mg/l) was added to the collection solution upon removal of the plants 
to prevent microbial degradation of root exudate chemicals. Then the solution was vacuum-
filtered through a 0.45 µm pore sized filter and stored in a freezer (-20 0C) for ~48 h until 
further analysis.   
Samples were thawed at room temperature for 2 h before conducting the Revised Fe-Binding 
Assay analysis (Reichman and Parker, 2007). Experimental samples were analysed in 
duplicate. Ten ml of each sample was mixed with 0.5 ml of 0.6 mM FeCl3 and shaken in a 
rotary shaker for 15 min. Then 1 ml of 1.0 M Na-acetate buffer (pH 7.0) was added and the 
solution was shaken again for ten min. The solution was then filtered through a 0.2 µM 
Whatman GF/F filter paper into a 25ml test tube. Next, 0.25 ml of 6 M HCl was added to 
each test tube and the contents were mixed well. Then, 0.5 ml of 80 g/l hydroxylamine 
hydrochloride was added to each test tube and mixed again before the solutions were placed 
in an oven at 50-60°C for 30 min. Upon removal from the oven, 0.25 ml of 2.5 g /l ferrozine 
and 1 ml of 2.0 M Na-acetate buffer (pH 4.7) were added to each tube and the contents 
mixed. After 5 min, the absorbance was determined at 562 nm using a UV/V 
spectrophotometer. Absorbance was converted to concentrations using a standard curve as 
explained in Chapter 4. 
6.2.6 Statistical analysis 
Statistical analyses were performed using Minitab 18 (Minitab, Inc., State College, PA, 
USA). Means were compared using one way ANOVA for main effects. Differences were 
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considered significant at P<0.05. In the event of significance, two way ANOVA was used 
to find any interaction effects. Multiple comparisons (Least Significant Difference/LSD) 
were used to assess significance. Data that failed homogeneity of variance and normal 
distribution of error testing (P>0.05) were square root or log10 transformed to achieve 
homogeneity in the variance of residuals, and statistical significance was based on analysis 
of the transformed data.  
 
6.2.7 Plant growth, harvesting activities and bulk metal analysis 
 
Wheat (Triticum aestivum L. cv. Spitfire) was used as the test species. Growth was studied 
using to V(V) was studied using solution culture experiments as detailed below. 
First, seeds were surface-sterilized in 0.4 M NaOCl for 15 min and then placed on 
germination towels rolled and moistened with tap water and placed upright in a tall 1.5 L 
container beaker approximately ¼ filled with tap water in a Conviron Adaptis growth 
chamber set at 12 h (dark), 18 °C: 12 h (light ca. 460 micromoles m-2 sec-1), 22 °C 
temperature and light regime, 65% humidity for 4 d for wheat and for 8 d for bean. Seedlings 
were then transferred to 2 L polypropylene pots covered with black polythene and filled with 
a chelator buffered nutrient solution (Pedler et al., 2000; Reichman and Parker, 2007a). 
Seedlings were placed vertically in place inside a polypropylene tube using a square of foam 
and then fitted into small holes in the lids of each container. Ten wheat seedlings or five 
bean seedlings were planted per pot. The nutrient solution in each pot was continuously 
aerated by an aquarium air stone (Kordon, Novalek Inc, Hayward, CA, USA) connected to 
a silicon tube carrying filtered compressed air placed through a hole in the lid.  
All chemicals used for this study were of Analytical Reagent grade or Trace Metal grade. 
Basal nutrients were supplied as (µM): NO3
-, 4800; NH4
+, 200; P, 80; K, 1080; Ca, 1800; 
Mg, 500; Mn, 0.6; Zn, 8; Cu, 2; B, 10, Mo, 0.1; Ni, 0.1; and Cl, 21.4. The solutions contained 
35.7 µM hydroxyethylethylenediaminetriacetic acid (HEDTA) (representing a 25 µM 
excess above the sum of the Mn, Cu, Zn and Ni concentrations) to control trace-metal 
activity. Seedlings were grown in complete solution culture that contained 75 µM Fe as 
FeCl3 plus another 75 µM HEDTA to buffer the Fe activity. The possibility of V(V)/HVO4
2_ 
forming a complex with HEDTA3_ (pKa = 0.5) (Wu et al, 2016) was ruled out as the Fe3+ 
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forms a more stable complex with HEDTA3- (pKa= 19.8) under the experimental conditions 
(Martell and Smith, 1977). To buffer the solution culture at pH 6.2 ± 0.2, the solution 
contained 1mM 2-(N-morpholino) ethanesulfonic acid (MES) buffering agent and 0.5 mM 
NaOH. Vanadium treatments were added using 3-day old V stock solutions 24 hours after 
seedlings had been transferred to the nutrient solutions. The experiment consisted of nine 
V(V) treatments (0, 8, 16, 32, 64, 128, 256, 384 and 512 µM of NaVO3 (> 99.9 % purity, 
Sigma–Aldrich) with 3 replicates of each treatment. Experimental pots were placed in 2 
shelves of the growth chamber in a completely randomized design using a random sequence 
generated by Microsoft Excel 2010. Daily measurements of pH were made and the pH 
adjusted, as necessary, with 0.1 M NaOH or HCl. Solutions were renewed on days 8, 15 and 
18 after the seedlings were transplanted. Experimental pots were re-randomized on days 8, 
15 and 18. Plant morphology and symptoms were recorded daily. 
Plants were harvested on day 21 after transplanting Shoots and roots were harvested 
separately from each of the plants in the same treatment pots, and they were composited and 
homogenized. Tissue samples were rinsed sequentially, in 2 % Decon (Sigma-Aldrich), in 
tap water, 2 by tap water and an ultrapure (18MΩ.cm) water rinse. For wheat, mature leaves 
(first leaf) L1 and L2 (second leaf) and green leaves were separated. Then different tissue 
samples were placed in paper bags and dried at 70 ºC for 48 h. Oven dried shoot and root 
samples were weighed and then ground to a fine powder using a coffee grinder. 
Approximately 0.2 g of ground tissue samples were digested using 5 ml of 70% concentrated 
nitric acid in a digest block at 115 0 C for 4 hours. The mixture was cooled for 15 minutes 
and 1 ml of 30% H2O2 was added and boiled again for 15 minutes (Sah and Miller, 1992). 
About 10% of random samples were analyzed in duplicate. Standard reference material NCS 
ZC73018 (GSB-11) Citrus leaves was used for quality assurance of data. About ten percent 
of random sample blanks were run simultaneously for each batch of samples run in the digest 
block. 
 
6.2.8 Determination of chlorophyll a and b (Jeffery, 1975) 
 
Following the method of Jeffrey and Humphrey (1975), for  extraction of chlorophyll 
pigments, approximately 0.5 g of fresh leaf pieces were placed together with half the volume 
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of clean sand and 5 mL of 90% acetone solvent in a mortar and pestle .  The mixture was 
ground for three minutes in a fume hood and then the residue was filtered and washed with 
two further 2mL aliquots of 90% acetone.   The entire organic extract was quantitatively 
transferred to a standard 25 mL flask and made up to 25mL with 90% acetone. The contents 
were then poured into a centrifuge tube followed by centrifugation at 13 500 rpm for three 
minutes. About 10 ml of the clear supernatant was filtered into a 15 ml centrifuge tube, 
covered with a screw cap and stored at -35°C in the dark for 16 hours. The samples were 
thawed at room temperature in the dark for ~2 hours before analysis. Using glass cuvettes 
with stoppers, absorbance of the extracts were read at 664, 647and 630nm using a UV-
Visible spectrophotometer.  Chlorophyll a and b content was calculated using the following 
equations (Jeffery and Humphrey, 1975). 
 
Chlorophyll a (g/kg DM) = 11.85*A664
 – 1.54*A647 - 0.08*A630 
Chlorophyll b (g/kg DM) = -5.43*A664 + 21.03A647 – 2.66*A630 
Where A647 refers to the absorbance at 647 nm, A664 to the absorbance at 664 nm and A630 
to the absorbance at 630. 
6.2.9 Determination of phytosiderophores 
The phytosiderophore samples were collected using established procedures (Reichman and 
Parker, 2007). The PSs were collected between 9 am and 12 noon (i.e. between 3 h and 6 h 
after the light period commenced).  The lid of each container holding the plants was removed 
from the nutrient solution and the plants were rinsed twice with ultrapure water (18 MΩ cm). 
Then, the lid holding plants were transferred to a 500 ml plastic collection container filled 
with 250 ml ultrapure water so the roots were covered by the collection solution. The 
aeration tube was reconnected and the plants were left in the growth chamber for 3 hours. 
After the collection period, the plants were removed from the collection container and 
returned to the nutrient solution. One ml of Micropur solution (10 mg/l) was added to the 
collection solution upon removal of the plants to prevent microbial degradation of root 
exudate chemicals. Then the solution was vacuum-filtered through a 0.45 µm pore sized 
filter and stored in a freezer (-20 0C) for ~48 h until further analysis.   
Samples were thawed at room temperature for 2 h before conducting the Revised Fe-Binding 
Assay analysis (Reichman and Parker, 2007). Experimental samples were analysed in 
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duplicate. Ten ml of each sample was mixed with 0.5 ml of 0.6 mM FeCl3 and shaken in a 
rotary shaker for 15 min. Then 1 ml of 1.0 M Na-acetate buffer (pH 7.0) was added and the 
solution was shaken again for ten min. The solution was then filtered through a 0.2 µM 
Whatman GF/F filter paper into a 25ml test tube. Next, 0.25 ml of 6 M HCl was added to 
each test tube and the contents were mixed well. Then, 0.5 ml of 80 g/l hydroxylamine 
hydrochloride was added to each test tube and mixed again before the solutions were placed 
in an oven at 50-60°C for 30 min. Upon removal from the oven, 0.25 ml of 2.5 g /l ferrozine 
and 1 ml of 2.0 M Na-acetate buffer (pH 4.7) were added to each tube and the contents 
mixed. After 5 min, the absorbance was determined at 562 nm using a UV/V 
spectrophotometer. Absorbance was converted to concentrations using a standard curve 
prepared using 0.2 to 1.mM FeCl3. 
Absorbance readings were converted to concentrations using the Beer-Lambert Law. 
Abs = ɛ l C assay 
Where, 
 Abs is the maximal reading from which the blank has been subtracted 
Ɛ is the molar absorptivity (1/0.000045 litre mol/cm),  
l is the length of light path in the spectrophotometer cell, l = 1 cm 
and C assay is the concentration of ligand in the assay (M). 
The concentration of ligand in the final assay volume (13.5 ml) was then converted into the 
concentration in the original 10 ml aliquot of ligand. 
  
6.3 Results 
Descriptive statistics for tissue biomasses, tissue concentrations of V and Fe, 
phytosiderophores and chlorophyll a and chlorophyll b have been given in Table 6.1. 
Vanadium and Fe treatment effects on tissue biomasses, concentrations of tissue V and Fe, 
chlorophyll pigment a: b ratios have been discussed in detail in sections 6.3.1 – 6.3.5 
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Table 6.1 Descriptive statistics for wheat (Triticum aestivum L.) seedlings grown at 3 V concentrations (0, 100 and 350 µM) and 3 Ca 
concentrations (400, 1800 and 3200 µM) in a 3 x 3 factorial experiment. Values are means (n=3) ± standard error. 
Tissue 
type 
Solution Fe 
conc.(µM) 
Solution V 
conc. (µM) 
Dry mass (g) Tissue V conc. 
(mg/kg) 
Tissue Fe conc. 
(mg/kg) 
Phytosiderophore 
conc. (µmol/g DM) 
Chlorophyll a 
(g/kg DM) 
Chlorophyll b 
(g/kg DM) 
Shoot 3.5 0 0.46±0.01a 0.48±0.08a 37.21±5.12a - 6±0.86a 3.19±0.42a 
Shoot 3.5 100 0.52±0.01a 12.5±1.25b 42.92±6.25a - 7±0.75a 3.18±0.39a 
Shoot 3.5 350 0.25±0.03a 232.48±28.6c 69.67±8.56ab - 4.8±0.62a 3.55±0.32a 
Shoot 75 0 1.45±0.12b 0.66±0.06a 87.26±8.25b - 8.2±1.2a 2.34±0.34a 
Shoot 75 100 1.49±0.06b 48.90±6.88b 115.33±6.87c - 7.6±1.4a 2.62±0.51a 
Shoot 75 350 0.44±0.04a 178.82±35.64c 94.13±9.92b - 7.2±0.89a 3±0.49a 
Root 3.5 0 0.24±0.00ab 0.52±0.04a 59.42±8.76a 5.68±0.44b - - 
Root 3.5 100 0.27±0.01a 420.56±55.35b 79.49±10.21ab 6.97±0.87c - - 
Root 3.5 350 0.20±0.01a 1147.95±135.21c 112.76±12.22bc 9.50±0.76d - - 
Root 75 0 0.66±0.04b 0.66±0.05a 94.92±6.67b 2.54±0.55a - - 
Root 75 100 0.59±0.04b 317.21±46.74b 137.21±15.65c 5.41±0.72b - - 
Root 75 350 0.27±0.02a 1269.37±154.56c 112.72±8.52bc 5.96±0.47b - - 
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6.3.1 V and Fe treatment effects on tissue biomass 
Fe deficient treatments were associated with significantly low tissue biomasses in shoots (F= 
207.52, df= 1, P< 0.001) (Figure 6.1 a) and roots (F= 182.03, df= 1, P< 0.001) (Figure 6.1 d) 
in comparison to Fe sufficient treatments irrespective of the V treatment effects.  
Similarly, 350 µM V treatments were associated with significantly lower tissue biomasses in 
shoots (F= 74.55, df= 2, P< 0.001) (Figure 6.1 b) and roots (F= 49.20.03, df= 2, P< 0.001) 
(Figure 6.1 e) in comparison to 0 V and 100 µM V treatments irrespective of the Fe treatment 
effects.  
Further, wheat seedlings treated with 75 µM Fe (sufficient Fe) concentrations and exposed to 
0 or 100 µM V had significantly higher shoot (F= 182.03, df= 1, P< 0.001) (Figure 6.1 c) and 
root (F= 182.03, df= 1, P< 0.001) (Figure 6.1 f) biomasses than seedlings exposed to 75µM Fe 
and 350 µM V. There were no significant differences in tissue biomasses in all seedlings 
exposed to 3.5 µM Fe (deficient Fe) treatments and 350 µM V in shoots and roots. 
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Figure 6.1 Relationships between V and Fe concentrations in the nutrient solution and tissue 
biomasses of (a-c) shoots and (d-f) roots of Triticum aestivum L. cv Spitfire (wheat) grown at 
three V concentrations (0, 100 and 350 µM) and two Fe concentrations [3.5 µM- Fe deficient 
(white) and 75 µM-Fe sufficient (grey)] in a factorial experiment.  Values are means (n=3) ± 
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standard error. For each panel, different letters above the bars indicate significant differences 
between treatments (p<0.05). 
 
6.3.2 V and Fe treatment effects on tissue V concentration 
Iron concentrations treatments were not associated with tissue V concentrations in both shoots 
(F= 5.75, df =1, p= 0.24) (Figure 6.2 a) and roots (F= 1.86, df =1, p=0.56) (Figure 6.2 d). 
However, tissue V concentrations increased with increasing solution V concentrations in both 
shoots (F=187.5, df = 1, p<0.001) (Figure 6.2 b) and roots (F=198.4, df =1, p<0.001) (Figure 
6.2 d) irrespective of the Fe treatment. Solution V concentrations and solution Fe 
concentrations did not interact significantly to alter tissue V concentrations in wheat shoots (F= 
1.95, df = 2, p= 0.24) (Figure 6.2 c) and roots (F= 1.76, df = 2, p= 0.24) (Figure 6.2 f).  
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Figure 6.2  Relationships between V and Fe concentrations in the nutrient solution and tissue 
V concentrations of (a-c) shoots and (d-f) roots of Triticum aestivum L. (wheat) grown at three 
V concentrations (0, 100 and 350 µM) and two Fe concentrations [3.5 µM- Fe deficient (white) 
and 75 µM-Fe sufficient (grey)] in a factorial experiment.  Values are means (n=3) ± standard 
error. For each panel, different letters above the bars indicate significant differences between 
treatments (p<0.05).                  
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6.3.3 V and Fe treatment effects on tissue Fe concentration 
 In wheat shoots, Fe sufficient treatments were associated with higher tissue Fe concentrations 
in comparison to Fe deficient treatments (df=1, F=26.20, p=0.001) (Figure 6.3 a) irrespective 
of the V treatment effects. Further, 100 µM V and 350 µM V treatments were associated with 
significantly higher tissue Fe concentrations in wheat shoots (df=2, F=6.03, p=0.05) in 
comparison to 0 V control treatments (Figure 6.3 b) irrespective of the Fe treatment effects. 
Moreover, solution Fe concentrations and solution V concentrations did not interact 
significantly to affect tissue Fe concentrations in wheat shoots (df=2, F=0.04, p=0.966) (Figure 
6.3 c). However, seedlings exposed to 100 µM V treatment and sufficient Fe treatment had 
significantly higher tissue Fe concentrations than seedlings exposed to 0 V and sufficient Fe 
control treatment (p<0.05) (Figure 6.3 c). Furthermore, solution V concentrations did not affect 
shoot tissue Fe concentrations significantly in seedlings exposed to Fe deficient treatments in 
wheat shoots (p<0.05) (Figure 6.3 c). 
   
In wheat roots, irrespective of the V treatment effects, Fe sufficient treatments were associated 
with higher tissue Fe concentrations in comparison to Fe deficient treatments (df=1, F=18.25, 
p=0.045) (6.3 d). Further, irrespective of the Fe treatment effects, 100 µM V and 350 µM V 
treatments were associated with significantly higher tissue Fe concentrations in wheat roots 
(df=2, F=16.44, p=0.02) (6.3 e). Furthermore, solution Fe concentrations and solution V 
concentrations did not interact significantly to affect tissue Fe concentrations in wheat roots 
(df=2, F=0.88, p=0.44) (6.3 f). However, seedlings exposed to 100 µM V treatments and 
sufficient Fe treatments had significantly higher tissue Fe concentrations than seedlings 
exposed to 0 V and sufficient Fe control treatment in roots (p<0.05) (Figure 6.3 f). Furthermore, 
there were significantly higher tissue Fe concentration in wheat roots exposed to 350 µM V 
treatment and Fe deficient treatment in wheat roots (p<0.05) (Figure 6.3 f). 
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Figure 6.3  Relationships between V and Fe concentrations in the nutrient solution and tissue 
Fe concentrations of (a-c) shoots and (d-f) roots of Triticum aestivum L. cv Spitfire (wheat) 
grown at three V concentrations (0, 100 and 350 µM) and two Fe concentrations [3.5 µM- Fe 
deficient (white) and 75 µM-Fe sufficient (grey)] in a factorial experiment.  Values are means 
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(n=3) ± standard error. For each panel, different letters above the bars indicate significant 
differences between treatments (p<0.05). 
 
6.3.4 V and Fe effects on phytosiderophore release 
 
Irrespective of V treatment effects, wheat roots exposed to Fe deficient treatments were 
associated with significantly higher exudation of phytosiderophores (PS) than wheat roots 
exposed to Fe sufficient treatments (df=1, F=271.42, p<0.001) (Figure 6.4 a). Further, 
irrespective of Fe treatment effects, 100 µM V and 350 µM V treatments were associated with 
significant increases in root exudation of PSs in wheat (df=2, F=158.05, p<0.001) (Figure 6.4 
b) in comparison to 0 V control treatments. Solution Fe concentrations and solution V 
concentrations interacted significantly to determine root exudation of PSs (df=2, F=13.17, 
p=0.001) (Figure 6.4 c). At each vanadate treatment, seedlings exposed to Fe deficient 
treatment had a significantly higher PS release than the seedlings exposed to Fe sufficient 
treatment.  Thus, seedlings exposed to deficient Fe concentrations and the highest vanadate 
treatments (350 µM) had the highest root releases of PSs and the seedlings exposed to sufficient 
Fe concentrations and 0 V treatment in solution had the lowest release of root 
phytosiderophores.  
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Figure 6.4 Relationships between V and Fe concentrations in the nutrient solution and root 
exudate phytosiderophore concentration of roots of Triticum aestivum L. cv Spitfire (wheat) 
grown at three V concentrations (0, 100 and 350 µM) and two Fe concentrations [3.5 µM- Fe 
deficient (white) and 75 µM-Fe sufficient (grey)] in a 3 × 2 factorial experiment.  Values are 
means (n=3) ± standard error. For each panel, different letters above the bars indicate 
significant differences between treatments (p<0.05). 
 
6.3.5 V and Fe effects on chlorophyll a: Chlorophyll b ratio 
 
There was little effect of V or Fe concentrations in solution on chlorophyll pigment 
concentrations in wheat shoots (Table 6.1). Irrespective of the V treatment effects, Fe 
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treatments were not associated with chlorophyll a: b ratios in wheat shoots (df=1, F= 0.54, 
p=0.26) (Figure 6.5.1). However, irrespective of the Fe treatment effects, 100 µM V treatments 
were associated with significantly higher chlorophyll a: b ratios than 0 V control treatments 
(p<0.05).  
Solution V concentrations did not interact significantly with Fe treatments to determine the 
chlorophyll a: Chlorophyll b in wheat (df=2, F= 1.08, p=0.56) (Figure 6.5 c).  Yet, differences 
in chlorophyll ratios were found between seedlings exposed to deficient Fe treatment and 350 
µM V that had significantly lower chlorophyll a: b ratios than seedlings grown without V but 
with sufficient Fe concentrations in the nutrient solutions. 
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Figure 6.5 Relationships between V and Fe concentrations in the nutrient solution and 
chlorophyll a: b ratios of Triticum aestivum L. cv Spitfire (wheat) grown at three V 
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concentrations (0, 100 and 350 µM) and two Fe concentrations [3.5 µM- Fe deficient (white) 
and 75 µM-Fe sufficient (grey)] in a 3 × 2 factorial experiment.  Values are means (n=3) ± 
standard error. For each panel, different letters above the bars indicate significant differences 
between treatments (p<0.05). 
6.4 Discussion 
6.4.1 Vanadium main effects 
With increasing V concentrations from 100 µM to 350 µM in solution, tissue V concentrations 
increased in both shoots (p<0.001) and roots (p<0.001) in comparison to 0 V controls, 
irrespective of the Fe treatments (Figure 6.2a and Figure 6.2e). Thus, without considering Fe 
treatment effects, when wheat seedlings were exposed to 100 µM V in solution, wheat tissues 
were associated with an accumulation of ~317 mg/kg V in roots and ~47 mg/kg V in shoots 
but such V accumulations did not cause a reduction in tissue biomass in either shoots or roots 
exposed to 100 µM V (Figure 6.1 a and Figure 6.1 e)  
 
However, seedlings exposed to 100 µM V treatment displayed significantly higher chlorophyll 
a : b ratios than those exposed to 350 µM treatment ( Figure 6.5 ) which was suggestive of lack 
of metal toxicity stress concerns for these plants (Pan et al., 2011). Vanadate treatments were 
associated with increased root PS releases under both Fe deficient and Fe sufficient conditions. 
These observations validate the hypothesis that was developed previously in Chapter 3, 5 on 
the occurrence of a vanadate induced release of PS in wheat grown in Fe sufficient nutrient 
solutions.  
 
This is the first time in published literature that V induced PS release has been demonstrated 
in plants. Further investigations need to be conducted to verify this hypothesis understand the 
mechanisms behind these responses. 
 
6.4.2 Fe main effects  
Iron deficient treatments were associated with significantly lower tissue biomasses in both 
shoots (Figure 6.1 a) and roots (Figure 6.1 b) of wheat seedlings in comparison to Fe sufficient 
treatments. However, Fe concentration in the nutrient solution did not affect the tissue V 
concentration in roots (as well as shoots), so V absorption into the plant was not dependant on 
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solution Fe concentration. Surprisingly, lower tissue Fe concentrations were not reflected in 
chlorophyll a: b ratios. This may be due to higher standard error of mean associated with 
chlorophyll a: b ratio measurements. 
 
At each vanadate treatment, seedlings exposed to the Fe deficient treatment showed a 
significantly higher phytosiderophore release than the seedlings exposed to Fe sufficient 
treatment. When Fe was in scarce supply, PS release must have been enhanced as an additional 
Fe mobilisation strategy that operate in wheat (Reichman and Parker, 2007a; Römheld, 1991; 
Takagi et al., 1984).  However, some phytosiderophore release was also observed in seedling 
exposed to sufficient Fe concentrations exposed to 0 V treatment which is unclear. 
 
6.4.3 Vanadium and Fe interactive effects 
The 350 µM V treatment caused toxicity to wheat seedlings and brought about biomass 
reductions even under Fe sufficient conditions. Conversely, the supply of 100 µM V in the Fe 
sufficient nutrient solutions enhanced Fe uptake in roots and translocation in shoots (Figure 6.3 
c and Figure 6.3 f) which was in good agreement with the findings of chapter 2 and Chapter 3. 
Further, 350 µM treatment enhanced Fe nutrition in roots under both Fe deficient and Fe 
sufficient conditions.  As per the results presented above, the total Fe concentrations in the 
shoots of the plants exposed to 100 µM and 350 µM V treatments (37 g/kg - 43g/kg) were 
within critical deficient levels (CDL) of Fe, 30–50 g/kg DW (Bergmann, 1988).    Thus, wheat 
appears to be more tolerant of V than bean as bean underwent significant growth reductions 
when exposed to 100 µM V as explained in Chapter 4. 
 
Results demonstrated that the interactive effect of solution Fe concentration and solution V 
concentration regulated the release of PSs in wheat roots. At each vanadate treatment, seedlings 
exposed to the Fe deficient treatment had a significantly higher phytosiderophore release than 
the seedlings exposed to Fe sufficient treatment.  This suggests that Fe deficiency induced PS 
release and V induced PS release both occurred at the same time independent of each other 
when the nutrient solutions had Fe deficient conditions. It is hypothesized that V driven PS 
release to be the mechanism by which V increased tissue Fe concentrations in wheat under Fe 
sufficient conditions (Figure 6.3 b and Figure 6.3 e). This is the first time in published literature 
that V induced PS release and enhanced Fe nutrition has been demonstrated in plants. Further 
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investigations need to be conducted to verify this hypothesis understand the mechanisms 
behind these responses. 
 
Results also supports the findings of the V and Ca factorial experiment in chapter 5 in part and 
provides further explanation to conditions leading to V induced phytosiderophore release. 
Thus, phytosiderophores were released by wheat roots with increasing V concentrations in 
solution irrespective of the Fe concentrations in solution under both Fe sufficient and Fe 
deficient condition not necessarily to overcome low tissue Fe concentrations in the shoots as 
hypothesized in Chapter 5.  
 
Enhanced exudation of PS have been observed in  other metal toxicities or deficiencies under 
varying metal concentrations; e.g. As (Shaibur et al., 2009), Al (Yoshimura et al., 2011), Cd 
(Meda et al., 2007), Zn (Khobra and Singh, 2018; von Wirén et al., 1996) Mn and Cu (Khobra 
and Singh, 2018). Various mechanisms have been proposed for the role of PS in metal toxicity. 
For example, PS release has been speculated to be a general adaptive response to enhance the 
acquisition of micronutrient metals; e.g. Zn. Mn and Cu in wheat (Khobra and Singh, 2018). 
In contrast,  inhibition of toxic Cd uptake via phytosiderophore chelation has been suggested 
as a mechanism to protect plants from Cd toxicity in Zea mays (Hill et al., 2002).  Further, PS-
mediated Fe acquisition by PS increased Cd tolerance in Zea mays (Meda et al., 2007) and 
increased tissue Fe nutrition in As toxicity in barley seedlings (Hordeum vulgare L. cv. 
Minorimugi) in Fe depleted medium. In the case of Zn deficiency, it has been shown that 
enhanced PS production is not an indirect response to Zn deficiency-induced Fe deficiency 
(Walter et al., 1994) but rather a direct response to Zn deficiency that is independent of Fe 
(Suzuki et al., 2006). Based on the results obtained in this study, when seedlings were treated 
with 100 µM V and Fe sufficient concentrations accumulated more Fe in the shoots than Fe 
deficient treatments. Therefore, it is possible that PS secretion occurs as a direct response to V 
that is independent of Fe concentration in solution. 
 
6.5 Conclusions 
Iron deficient treatment caused significant biomass reductions in wheat. Further, moderate 
V concentrations (100 µM) enhanced tissue Fe nutrition and tissue biomass production in 
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both shoots and roots under Fe sufficient conditions. Although, higher V concentrations 
(350 µM) enhanced tissue Fe nutrition in shoots and roots under both Fe deficient and Fe 
sufficient conditions, higher V concentrations in solution caused tissue biomass reductions 
in both shoots and roots. Although vanadate treatments were associated with increased root 
phytosiderophore releases under both Fe deficient and Fe sufficient conditions, at each 
vanadate treatment, seedlings exposed to the Fe deficient treatment had a significantly 
higher PS release in comparison to the seedlings exposed to Fe sufficient treatment. Results 
suggested that Fe deficiency induced PS release and V induced PS release both occurred at 
the same time when the nutrient solutions had deficient Fe conditions. However, PS-
mediated Fe acquisition improved Fe uptake in the presence of V and thereby provided an 
advantage under V stress relative to Fe acquisition via known pathways (Strategy I) in 
wheat. Thus, Fe acquisition by PS appeared to contribute to relatively high V tolerance 
capacity of wheat. The physiological mechanisms of the higher Fe translocation by V 
remains to be confirmed. 
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    CHAPTER 7 
 
7 VANADIUM (V) EFFECTS ON COMMON BEAN (Phaseolus 
vulgaris L.) AND Rhizobium leguminosarum biovar phaseoli 
(CC 511) SYMBIOSIS  
 
 
7.1 Introduction 
 
Symbiosis between legumes and rhizobia plays a significant role in improving soil fertility and 
productivity in agricultural soils by fixing atmospheric nitrogen. However, when present in 
excess, certain metals can be stress factors that restrict the growth of rhizobia, legumes, and 
legume-Rhizobium symbiosis (e.g. As, Cd) while other metals enhance the effectiveness of 
biological nitrogen fixation in legume root nodules (e.g. Mo). In recent years, there has been a 
growing interest in understanding the symbiotic legume–rhizobia relationship and its 
interactions with metals.  
 
It has long been known that V is accumulated in roots and rhizobial root nodules of legumes. 
In the first research investigating tissue V concentrations in legumes at background soil V 
concentrations, Bertrand (1942) found that in yellow lupin (Lupinus albus cv. Vendee), nodules 
contained twice as much V as the roots and that in white lupin (Lupinus albus cv. Versailles), 
nodules contained ~70% more V than the roots. Kidney beans (Phaseolus vulgaris L.), black 
Tokyo soya (Glycine max) and broad bean (Phaseolus vulgaris L.) also contained comparable 
tissue V concentrations to that of roots. Certain legumes, e.g. Astralagus presussi (Cannon, 
1952; Cannon et al., 1964) were reported to accumulate high concentrations of V in tissue. 
Alfalfa (Medicage sativa) grown in V-Cd contaminated soil had strong metal adaptability (up 
to 400 mg/kg) and high accumulation (up to 3,440.14 mg/kg) of V in roots as documented by 
(Yang et al., 2011). Yang et al. (2011) hypothesized that the strong accumulation of V in roots 
was related to rhizobial activity but no research has been done to test this hypothesis. Thus, the 
effects of V on the legume-rhizobium symbiosis remains under investigated. To the best of 
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author’s knowledge, no prior work has been conducted to assess the effect of V on nodulation 
characteristics (e.g. nodule number, nodule initiation time) in legumes. 
 
Toxic concentrations of metals affect legume-rhizobia associations by affecting the growth of 
rhizobia and/or the legume host as well as nodulation characteristics.  For example, As has 
been reported to delay nodule initiation and reduce the number of root nodules formed in 
soybean (Glycine max) and its rhizobial symbiont, Bradyrhizobium japonicum  (Reichman, 
2007).  Cadmium affected the nodule number of pea (Pisum sativum) and Rhizobium 
leguminosarum association (Chubukova et al., 2015) and Cu reduced nodule number in cowpea 
(Vigna ungulata) inoculated with Bradyrhizobium strain CB756 (Kopittke et al., 2007). 
However, rhizobial strains differ considerably in tolerance to the applied concentrations of 
heavy metals (Miličić et al., 2006).  
 
Vanadium toxicity in plants has been well established under experimental conditions 
particularly at concentrations > 100 µM (Kaplan et al., 1990, Yang et al., 2011, Saco et al., 
2012) . Toxic concentration of V  in the growth medium primarily affects root growth causing 
damaging effects on root proliferation and root hair development (Olness et al., 2005, Kaplan 
et al., 1990). However, little is known about how V affects the legume-rhizobia symbiosis in 
legume root nodules. Therefore, this study aimed to test (i) the effect of V (25 µM and 100 
µM) on nodule initiation time,  nodule number and tissue nitrogen dynamics in bean (Phaseolus 
vulgaris L.) and (ii) V and rhizobia effects on host-legume biomass, flower initiation time and 
flower number in bean using bean and Rhizobium leguminosarum biovar phaseoli (strain CC 
511) symbiosis. 
 
7.2 Methods 
7.2.1 Plant growth, harvesting activities and bulk metal analysis 
A solution culture experiment was carried out using Common bean (Phaseolus vulgaris L.cv. 
Bean Bush Blue Lake) with a 3 x 2 factorial design with three replicates to compare the effects 
of three V (supplied as NaVO3) concentrations (0, 25 and 100 µM) and two inoculation 
treatments [with Rhizobium leguminosarum biovar phaseoli strain CC 511 (plus treatment)  
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without Rhizobium leguminosarum biovar phaseoli strain CC 511(minus treatment)] replicated 
five times in a completely randomized design using chelator buffered nutrient solutions in a 
Conviron Adaptis environmentally controlled growth chamber as explained below. The V 
concentrations used here were representative of low and moderate toxicity V concentrations 
respectively in common bean shoot tissue based on the result from Chapter 2. 
 
Common bean seeds were surface sterilized by soaking in 0.3% bleach (sodium hypochlorite 
solution) for 15 min before being rinsed 4 times in ultrapure water (18 MΩ.cm). Seeds were 
then placed upon germination towels soaked in ultrapure water. The towels were then rolled 
and placed upright in a container approximately ¼ filled with ultrapure water. Seeds were left 
to germinate in a  growth chamber with 12 h: 12 h, 20 °C (day):18 °C (night) temperature 
regime and 65 % humidity and day time photosynthetically active radiation of ~ 475 µmol /m2/ 
s for 10 days before transfer to 2 L polypropylene light-proof containers filled with nutrient 
solution (Day 0) in the same growth chamber. Seedlings were placed inside plastic tubes and 
fitted into small holes in the lid of each container with the roots held securely in place using 
small squares of foam with five seedlings per pot. The nutrient solution was continuously 
aerated and stirred using aquarium air stones (Kordon, Novalek Inc, Hayward, CA, USA) 
connected to a silicon tube carrying filtered compressed air through a hole in the lid. 
 
Nutrients for the basal nutrient solution were supplied as (µM): NO3
-
 500, NH
+
4 100, P 15, K 
250, Ca 1000, Mg 100, S 1235, Mn 0.25, Zn 0.5, Cu 0.1, Fe 20 [as Fe(III)-N-(2-Hydroxyethyl) 
ethylenediamine triacetic acid (HEDTA)], B 3, Mo 0.05, and Co 0.04 (Bell et al., 1990, Brady 
et al., 1993, Reichman, 2007). All chemicals used for this study were of Analytical Reagent 
grade or Trace Metal grade. The solution contained 1 mM morpholinoethanesulfonic acid and 
0.5mM NaOH in order to buffer the nutrient solution at pH 6.0 ± 0.2. Throughout the 
experiment, regular measurements of pH were made and the pH adjusted as necessary with 
0.1M NaOH or HCl. Seedlings were allowed to establish in the nutrient solution before 
inoculum and metavanadate treatments were added on Day 3.  
 
The inoculum broth was prepared by dissolving 0.25g of concentrated freeze-dried Rhizobium 
leguminosarum biovar phaseoli strain CC 511(((New-Edge Microbials Pty Ltd, Albury, 
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Australia) with 50ml of autoclaved (121˚C, 10min) deionised water to produce a broth of ~2.5 
× 1010 colony forming units per ml. A 2ml aliquot of inoculum broth was added to each plus 
inoculum treated container while minus inoculum treated containers each received a 2ml 
aliquot of deionised water. Metavanadate was added to produce concentrations of 0, 25 and 
100 µM of V in the appropriate containers. Pots were re-randomised when nutrient solutions 
were refreshed on Days 8, 15 and 20. After the nutrient solutions were changed the plants were 
reinoculated with R. leguminsarum biovar phaseoli or deionised water, as per Day 3.  
 
Roots were inspected for nodules once daily. Counts were made of the number of mature root 
nodules per pot. Plants were harvested on Day 26. Root morphology was inspected under a 
stereo microscope (Saxon PSB X2 Science Smart Stereo Microscope 20x). Each root nodule 
was cut open with a surgical blade and internal colour was scored as pink or white for the 
presence or absence of leghaemoglobin respectively as an index of potential N-fixation 
(Wittenberg et al., 1974, Reichman, 2007).  All plants were separated into roots and shoots, 
rinsed sequentially, in 2 % Decon in tap water, 2 by tap water rinses and finally with an 
ultrapure water rinse before placing in paper bags and drying at 70˚C for 48 h. Shoot and root 
samples were digested in 70% nitric acid and hydrogen peroxide at 1150C for 4hand then 
analysed by an inductively coupled plasma mass spectrometer (ICP-MS) for V. Shoot samples 
were analysed for N by the Kjeldahl method by modified Bremner and Mulvaney (1982). 
 
7.2.2 Statistical analysis 
Statistical analyses were performed using Minitab 18 (Minitab, Inc., State College, PA, USA). 
Means were compared using one way ANOVA for main effects. Differences were considered 
significant at p<0.05. In the event of significance, two way ANOVA was used to find any 
interaction effects. Multiple comparisons (Least Significant Difference/LSD) were used to 
assess significance. Data that failed homogeneity of variance and normal distribution of error 
testing (p>0.05) were square root or log10 transformed to achieve homogeneity in the variance 
of residuals, and statistical significance was based on analysis of the transformed data. 
Nodulation and flowering curves were evaluated by the Kaplan-Meier method and compared 
using the log-rank test (Manatel-Cox test) (Reichman, 2007). Differences were considered 
significant at p< 0.05. 
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7.3 Results 
7.3.1 Visual observations 
 
Inspection of the bean roots showed the V exposed plants to contain a relatively low number 
of secondary roots and root hairs in comparison to non V exposed plants. Root nodules were 
found growing close to the root crown most abundantly (Figure 7.1). Mature root nodules were 
spherical in shape, larger in size and brighter in colour (pink) in comparison to immature 
nodules (Figure 7.1). 
 
 
Figure 7.1  Image showing root nodules formed in bean (Phaseolus vulgaris L.) inoculated 
with Rhizobium leguminosarum biovar phaseoli strain CC 511 grown in a nutrient solution 
without V. The arrow is pointing to mature root nodule that is larger in size and brighter in 
colour (pink) in comparison to immature nodules  
 
7.3.2 Descriptive statistics 
Descriptive statistics for tissue biomasses and concentrations of tissue V, Ca, Fe and N, nodule 
numbers and flower numbers at harvest have been given in Table 7.1. Vanadium and 
inoculation treatment effects on tissue biomasses, concentrations of V and tissue nutrients, 
nodule numbers and the flower numbers have been discussed in detail in sections 7.3.3 – 7.3.6. 
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Table 7.1 Descriptive statistics for bean (Phaseolus vulgaris L.) grown in 3 V concentrations (0. 25 and 100 µM) and 2 inoculation treatments 
(with or without the addition of Rhizobium leguminosarum bivar phaseoli inoculum) in a 3 × 2 factorial designed experiment in solution culture. 
Values are means ±standards error (n=5). 
Tissue 
type 
Soluti
on V 
conc. 
(µM) 
Inoculatio
n treatment 
Dry mass 
(g per 
plant) 
Tissue V conc. 
(mg/kg) 
Ca conc. 
(g/kg) 
Fe (mg/kg) %N  Mature 
nodules per 
plant 
Effective 
nodules per 
plant 
Flowers per 
plant 
Shoots 0 + 0.95±0.08ab 0.52±<0.01a 16.85±0.97c 157.83±5.94a 1.99±0.06a - - 7±1ab 
Shoots 0 - 0.89±0.06ab 0.10±<0.01a 15.16±1.04c 147.35±2.48a 1.76±0.07a - - 4±1a 
Shoots 25 + 1.05±0.03b 9.72±0.29c 11.01±0.25b 133.74±0.74a 1.94±0.13a - - 13±1c 
Shoots 25 - 1.29±0.04c 4.58±0.74b 9.54±0.38ab 132.08±0.65a 1.75±0.08a - - 10±1c 
Shoots 100 + 0.81±0.04a 13.3±0.619d 8.29±0.26a 132.75±1.15a 1.88±0.06a - - 6±1ab 
Shoots 100 - 0.79±0.07a 11.13±0.81c 7.29±0.13a 134.44±2.82a 1.84±0.03a - - 4±1a 
Roots 0 + 0.29±0.02c 32.12±2.54a 2.10±0.24a 446.96±27.33b 2.96±0.05c 28±3d 25±1d - 
Roots 0 - 0.22±0.02b 12.27±0.87a 2.08±0.06a 365.95±11.36b 2.56±0.08b 0±0a 0±0a - 
Roots 25 + 0.19±0.02b 107.97±11.57b 1.96±0.10a 405.81±31.15b 2.65±0.05b 10±1c 7±0c - 
Roots 25 - 0.21±0.01b 83.09±5.48b 2.01±0.10a 610.74±57.79b 2.53±0.10b 0±0a 0±0a - 
Roots 100 + 0.13±0.01a 464.93±25.87d 1.75±0.13a 249.54±14.03a 2.05±0.06a 3±0b 3±0b - 
Roots 100 - 0.15±0.01a 345.27±37.40c 1.47±0.05a 210.57±5.13a 1.92±0.05a 0±0a 0±0a - 
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7.3.3 Effect of V and inoculation treatments on biomass 
 
Tissue biomasses were determined by inoculation treatment (bean roots only), V 
concentrations in solution (both shoots and roots) and the interaction between inoculation 
treatment and V concentration (both shoots and roots) in bean. Thus, regardless of the 
inoculation treatments, plant shoots exposed to 25 µM and 100 µM V treatments contained the 
highest and lowest tissue biomasses respectively in comparison to 0 V control (p<0.01) (Figure 
4.2 a). Irrespective of the V concentrations in solution, inoculation treatments did not affect the 
shoot V concentration in bean (p=0.264) (Figure 7.2 b). Further, solution V treatment and 
rhizobia inoculation treatment interaction had significant effects on shoot tissue biomasses in 
bean (p<0.01), with 25 µM V and uninoculated treatments showing greater shoot biomasses 
than the 0 V and uninoculated control treatment (Figure 7.2 c). 
 
Inoculated bean plants had significantly higher root biomasses (p=0.015) than non-inoculated 
plants (~17%) irrespective of the V concentration in solution (Figure 7.2 d). Accordingly, 
inoculated plants that did not expose to V had the highest root tissue biomasses (Figure 7.2 e) 
(P<0.01). Further, root biomasses decreased significantly as the solution V concentrations 
increased (p<0.01) irrespective of the inoculation treatment (Figure 7.2 e). Conversely, the only 
treatment to have a significantly higher biomass than the uninoculated and 0 V control was the 
25 µM V and rhizobia inoculated treatment in bean roots (p=0.002) (Figure 7.2 f). 
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Figure 7.2  Relationships between (i) inoculation treatment (ii) V concentration in nutrient 
solution and (iii) inoculation treatment × V concentration on the biomass of (a-c) shoots and 
(d-f) roots of Phaseolus vulgaris L. Bean Bush Blue Lake (common bean) grown without 
(grey) or with (black) the addition of Rhizobium leguminosarum inoculum to the solution. 
Values are means ± standard error (n=5). For each panel, different letters above the bars 
indicate significant differences between treatments (p<0.05) 
7.3.4 Effect of V and inoculation treatments on tissue V concentration  
 
In bean shoots and roots, tissue V concentrations were determined by rhizobia inoculation 
treatments, solution V concentrations and solution V concentration and rhizobia inoculation 
 139 
 
interactions. Thus, irrespective of the V concentration in solution, rhizobia inoculation 
increased shoot tissue V concentrations significantly (p<0.001) (Figure 7.3 a). Further, 
regardless of the inoculation treatment, tissue V concentrations increased significantly as the 
V concentrations in the nutrient solution increased 7.3 b) in shoots (p<0.001). Furthermore, 
bean shoots inoculated with rhizobia and exposed either to 25 µM or 100 µM V in solution 
contained significantly higher tissue V concentrations than uninoculated tissue exposed to 
similar V concentration in solution (p=0.012) (Figure7.3 c). Accordingly, at 25 µM V in 
solution, when bean plants were inoculated with rhizobia, the shoot tissue V concentrations 
increased by 112% in comparison to uninoculated plants exposed to 25 µM V.  
 
Further, irrespective of the V concentration in solution, bean roots inoculated with rhizobia 
contained ~ 34% more tissue V in comparison to non-inoculated plants (p=0.007) (Figure 7.3 
d). In the same way, tissue V concentrations increased significantly as the V concentrations in 
the nutrient solution increased irrespective of the inoculation treatment in bean roots (Figure 
7.3 e) (p<0.001). Furthermore, bean roots inoculated with rhizobia and exposed to 100 µM V, 
had tissue V concentrations increased by 24% in comparison to uninoculated plants exposed to 
100 µM V (p=0.014) (Figure 7.3 f). 
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Figure 7.3. Relationships between (i ) inoculation treatment, (ii) V concentration in nutrient 
solution and (iii) inoculation treatment × V concentration on tissue V concentration in (a-c) 
shoots and (d-f) roots of Phaseolus vulgaris L. Bean Bush Blue Lake (common bean) grown 
without (grey) or with (black) the addition of Rhizobium leguminosarum inoculum to the 
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solution. Values are means (n=5) ± standard error. For each panel, different letters above the 
bars indicate significant differences between treatments (p<0.05). 
 
7.3.5 Effect of V and inoculation treatment on tissue N concentration (%) 
 
In bean shoots, tissue N concentrations were associated with rhizobia inoculation treatments in 
which rhizobia inoculation lead to a significant increase in tissue N concentrations irrespective 
of the V concentration in solution (p=0.023) (Figure 7.4 a). Conversely, solution V 
concentrations were not associated with tissue N concentrations in bean shoots (p=0.28) 
(Figure 7.4 b). Further, no significant interactions occurred between solution V concentrations 
and rhizobia inoculation treatments that determined the tissue N concentrations in bean shoots 
(p=0.95) (Figure 7.4 c). 
 
In bean roots, irrespective of the V concentration in solution, rhizobia inoculation treatment 
(p=0.032) was associated with a significant increase (~ 10%) in tissue N concentration (%) in 
comparison to non-inoculated treatments (p=0.4) (Figure 7.4 d). In contrast, irrespective of the 
inoculation treatment, 100 µM V treatment was associated with a significant reduction in tissue 
N concentration in comparison to the zero V treatment (p<0.01) (Figure 7.4 e). There were also 
significant interactions occurring between V treatments and inoculation treatments that 
determined tissue N concentrations. Thus, inoculated plants that did not expose to V had the 
highest tissue N concentrations (p<0.01) (Figure 7.4 f). Thus, in the absence of V in the medium 
rhizobia inoculation was associated with increased root tissue N concentrations by a significant 
16% in comparison to the uninoculated treatment (Figure 7.4 f). In the presence of 25 µM V in 
the medium, rhizobia inoculation did not increase root tissue N concentration in comparison to 
the 0 V inoculated treatment. Presence of 100 V in the medium reduced root tissue N 
concentration by a significant 31% in the inoculated treatment in comparison to 0 V inoculated 
treatment. Further, presence of 100 µM V in the medium reduced root tissue N concentration 
by a significant 16% in the uninoculated treatment compared to 0 V uninoculated treatment. 
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Figure 7.4  Relationships between (i) inoculation treatment, (ii) V concentration in nutrient 
solution and (iii) V concentration × inoculation treatment on the biomass of (a-c) shoots and 
(d-f) roots of Phaseolus vulgaris L. Bean Bush Blue Lake (common bean) grown without 
(grey) or with (black) the addition of Rhizobium leguminosarum inoculum to the solution. 
Values are means (n=5) ± standard error. For each panel, different letters above the bars 
indicate significant differences between treatments (p<0.05) 
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7.3.6 Effect of V on nodulation characteristics 
 
No uninoculated plants formed root nodules within the duration of the experiment.  As the V 
concentration in solution increased, the number of nodules at harvest decreased  
(p<0.01) (Table 7.2). In addition, as the V concentration in the solution increased, the time to 
production of the first root nodule for inoculated plants was also increased [Log-rank (Manatel-
Cox test) statistic = 6.214, df=2, p=0.0447]. As the V concentration increased in the solution, 
the proportion of active nodules to total mature nodules decreased (p=0.02) reaching a low of 
8% at 100 µM V (Table 7.2).  
Table 7.2 Solution V concentration and rhizobial inoculation effects on mean number of mature 
nodules and effective nodules in Phaseolus vulgaris L. Bean Bush Blue Lake (common bean) 
grown in nutrient solutions containing 0, 25 or 100 µM V and with (+) or without (-) inoculation 
with Rhizobium leguminosarum biovar phaseoli. Values are means ± standard error (n=5). 
Treatments within a column that do not share a common letter are significantly different 
(p<0.05). 
Solution V 
concentration 
(µM) 
Inoculation 
 treatment 
Mean no. of 
mature nodules per 
pot ± SE 
Mean no. of 
effective nodules 
per pot ± SE 
% of effective 
nodules± SE 
0 + 28±3
d
 25±1
d
 90±1
c
 
0 - 0
a
 0
a
 0
a
 
25 + 10±1
c
 7±1
c
 75±1
b
 
25 - 0
a
 0
a
 0
a
 
100 + 3±1
b
 2±0
b
 69±1
b
 
100 - 0
a
 0
a
 0
a
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Figure 7.5 Vanadium treatment effects on the number of mature nodules recorded daily over 
the experimental period (26 d) for Phaseolus vulgaris L. Bean Bush Blue Lake (common bean) 
inoculated with Rhizobium leguminosarum biovar phaseoli and grown in nutrient solution 
containing 0, 25 or 100 µM V. Error bars indicate mean (n=5) ± standard error.  
 
7.3.7 Effect of V concentration and inoculation treatment on flowering 
 
Results demonstrated that 25µM V treatment was associated with an increase in the number of 
flowers (per pot) harvested in comparison to control V treatment in bean (p=0.002) (Figure 
7.6). Interestingly, high V treatment did not cause a significant impact on flowering. Flower 
number was not affected by the inoculation treatment (p=0.175) (Table 7.3). Further, there was 
no significant difference in flower initiation time (time taken for appearance of the first flower) 
among the 3 V treatments (Log-rank statistic = 5.45, df=5, p=0.3634). 
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Table 7.3 The effects of vanadium concentration in solution and rhizobial inoculation on total 
number of flowers at harvest for Phaseolus vulgaris L.Bean Bush Blue Lake (common bean) 
grown in nutrient solutions containing 0, 25 or 100 µM V and inoculated with or without 
Rhizobium leguminosarum biovar phaseoli. Values are means ± standard error (n=5). 
Treatments within a column that do not share a common letter are significantly different 
(p<0.05). 
 
Solution V 
concentration  (µM) 
Rhizobia inoculation 
treatment 
No of flowers per pot 
 ± SE 
0 + 7±1ab 
0 - 4±1a 
25 + 13±1c 
25 - 10±1c 
100 + 6±2ab 
100 - 4±1a 
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Figure 7.6 The effects of solution V concentration and inoculation treatment on the number of 
flowers in Phaseolus vulgaris L. cv Bean Bush Blue Lake (common bean) recorded daily over 
the experimental period inoculated with or without Rhizobium leguminosarum biovar phaseoli 
and grown in nutrient solution with 0, 25 or 100 µM V. Error bars indicate mean (n=5) ± 
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standard error. Treatments within a column that do not share a common letter are significantly 
different (p<0.05). 
       
7.4 Discussion 
7.4.1 Vanadium effects on nodulation characteristics and nitrogen 
dynamics in legumes 
 
Results demonstrated that V was detrimental to legume-rhizobium symbiosis and biological N 
fixation in bean root nodules. Rhizobia significantly increased root tissue N concentration in 
the absence of V in comparison to uninoculated treatments. However, rhizobia inoculation did 
not significantly affect root tissue N concentration in the presence of 25 µM V in the medium. 
It appears that rhizobia could have increased root N concentration if solution V did not affect 
rhizobia unfavourably at 25 µM V. Further, the presence of 100 V in the medium reduced root 
tissue N concentration by 31% in the inoculated treatment in comparison to 0 V inoculated 
treatment which suggest that V was toxic to rhizobia and that toxicity of V to rhizobia increased 
as the solution V concentration increased from 25 µM to 100 µM. This is the first time in 
literature that the toxic effects of V on biological nitrogen fixation in legume root nodules has 
ever been demonstrated. 
 
Rhizobial inoculation increased bean tissue V concentration in both shoots and roots in 
comparison to uninoculated treatments irrespective of V concentration in solution (Figure 7.3).  
This appears to be due to increased accumulation of V in the plant roots caused by rhizobia. 
Therefore, this study suggested that rhizobial inoculation increased the toxicity of solution V 
to the host legume. This provides some answers to the questions why V is found abundantly in 
legume roots and root nodules as reported in literature (Bertrand, 1950). 
 
Increasing V concentrations in the nutrient solution significantly increased the time to initiation 
of the first nodule and the total number of mature nodules formed. Vanadium also reduced the 
% of active nodules to a low of 8% at 100 µM suggesting that V was toxic to rhizobia activity 
in the root nodules (Table 7.2) possibly due to leghaemoglobin degradation that has been 
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observed in Cd toxicity (Gómez-Sagasti and Marino, 2015).  To confirm the active rhizobial 
numbers surviving in the nodules, rhizosphere Rhizobium population size could be measured 
using Kopittke et al., (2007) method.  
 
Inspection of the bean roots showed the number of secondary roots and root hairs decreased as 
the V concentration in the solution increased (results not shown). Thus, V appears to be 
exerting its toxic effects on the legume-rhizobium symbiosis partly by affecting plant traits; 
e.g. reduction of points of entry for rhizobia due to root hair damage as observed in other metal 
toxicities e.g. Al, As and Cu (De Carvalho et al., 1982, Kopittke et al., 2007, Lafuente et al., 
2010). Thus, declowd establishment of rhizobial infections in As toxicity in Medicago sativa 
was not due to bacterial death but was attributed to plant traits subject to infection (e.g. root 
necrosis, root hair damage, and a shorter length of the root zone) (Pajuelo et al., 2008) or 
interference with the expression of genes involved in early nodule development (Lafuente et 
al., 2010). Therefore, further investigations are required to understand the mechanisms of V 
toxicity in the legume-rhizobia symbiosis.  
 
It has long been known that V is one of the three vital biometals for biological nitrogen fixation 
for its role as metal cofactors of the alternate V nitrogenases (Bellenger et al., 2011). Activity 
of vanadium nitrogenase has been demonstrated in certain diazotrophs including Azotobactor 
vinelandii (Bishop et al., 1982), A. chroococcum (Eady et al., 1987) and cyanobacteria like 
Anabaena sp.(Wolk and Shaffer, 1976, Peters and Mayne, 1974) and Nostoc sp., (Hodkinson 
et al., 2014). Although initially V was suggested to enhance nitrogen fixation in legume root 
nodules by substituting for Mo in the nitrogenase enzyme (Amberger, 1975; (Underwood, 
1977), Dilworth and Loneragan (1991) later demonstrated that an alternative nitrogenase was 
not expressed in molybdenum-deficient Trifolium subterraneum L. root nodules and 
Rhizobium leguminosarum bv. trifolii) species. Thus the results presented here support the 
findings of Dilworth and Loneragan (1991) and confirm that V is not a beneficial metal to 
legume-rhizobia symbiosis. 
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7.4.2 Vanadium and rhizobia effects on host legume growth characteristics  
 
In the absence of V in the medium, rhizobia increased biomasses of roots due to the added 
biomass of nodules (Table 7.2) and also possibly due to enhanced N nutrition of roots (Figure 
7.4 f). Thus, Rhizobium leguminosarum appeared to establish a beneficial symbiotic 
association for the host bean plants in bean root nodules.  
 
Increased shoot biomasses and increased flower numbers at harvest were observed in bean 
plants exposed to 25 µM V (Figure 7.2, Table 7.3). This effect might be related to previously 
suggested growth stimulatory effects of V that occurred at low solution V concentrations  (~1 
– 5 µM) in corn (Zea mays) (e.g. increased plant height and foliage growth) (Singh, 1971) and 
tomato (Lycopersicon esculentum Mill) (e.g. increased chlorophyll content) (Basiouny,1984). 
Beneficial impacts of V for at comparable concentrations in solution (20 µM V) were observed 
in Chlorella fusca (algae) and spinach chloroplasts (Meisch and Becker, 1980) in which V 
enhanced the PS1 (Photo System I) activity significantly.  Thus, the results presented here 
would suggest that V has stimulatory affects at higher concentrations in plants as well than 
previously measured.  
 
Shoot biomass results obtained for the high V treatment (100 µM) in the current experiment 
were in agreement with shoot biomass results obtained for bean plants exposed to 64 – 128 µM 
V in the rate trial experiment (Chapter 3) due to the fact that all ~100 µM V treatments lead to 
reduced tissue biomasses in comparison to respective 0 V controls. However, results obtained 
for the low V treatment (25 µM) in the current experiment were not in complete agreement 
with shoot biomass measurements obtained for similar V treatments in the rate trial experiment 
(i.e. 16 µM and 32 µM).  In fact, in the previous experiment, 16 µM and 32 µM V treatments 
did not significantly affect the shoot biomasses in bean in comparison to 0 V controls although 
growth stimulatory effect were observed in  bean shoots exposed to 25 µM V in the current 
experiment. Thus, current results indicate that 25 µM and 100 µM V treatments cause 
significant effects on shoot tissue biomasses in bean.  Variable responses obtained for bean 
shoot biomasses in plants exposed to ~ 25 µM V in the 2 studies could be at least partly be 
related to the differences in the growth media used in the 2 experiments.  In fact, the nutrient 
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solution in the current experiment had been specifically designed to encourage rhizobia 
nodulation provided with low concentrations of certain nutrients; e.g. nitrate, Ca, P and trace 
metals etc. (Brady, 1993).   
 
Vanadium concentration in plant tissues were significantly enhanced by rhizobial inoculation 
at 25 µM (shoots only) and at 100 µM (both shoots and roots) in comparison to corresponding 
uninoculated 0 V controls (Figure 7.3).  As V accumulation was increased particularly in shoots 
with the rhizobial inoculation, results suggest that inoculation of bean with Rhizobium 
leguminosarum biovar phaseoli (strain CC115) could result in biomagnification of V along 
food chains. 
 
In bean, the presence of rhizobia reduced tissue biomasses at 25 µM in shoots but did not alter 
tissue biomasses at 25 µM in roots and at 100 µM in both shoots and roots in comparison to 
uninoculated plants. Thus, Rhizobium leguminosarum bivar phaseoli (strain CC115) did not 
act as a plant growth promoting bacterium in bean although it was previously reported to cause 
growth stimulatory effects in maize and lettuce previously by solubilising phosphates (Chabot 
et al., 1996). Further, rhizobia did not enhance V resistance in bean. Rather, rhizobia increased 
V toxicity by increasing the uptake and translocation of V and reducing the shoot tissue 
biomass at least at 25 µM V.  
 
7.5 Conclusions 
 
For the first time in literature, it has been shown that V is detrimental to legume-rhizobium 
symbiosis using bean and Rhizobium leguminosarum biovar phaseoli (strain CC115 in bean 
symbiosis in bean root nodules. Vanadium reduced the time to initiation of the first nodule, the 
total number of mature nodules and the % of active nodules. Vanadium was detrimental to 
rhizobia associated enhancement root tissue N concentration in bean and the harmfulness 
increased as the solution V concentration increased from 25 µM to 100.  This study 
demonstrated that rhizobial inoculation increased the toxicity of V to legumes by increasing 
both V uptake in roots and translocation to the roots which could result in biomagnification of 
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V along food chains. Plant traits affected by V on nodulation in bean appeared to be associated 
with the reduction of lateral root density and root hair density in bean, possibly decreasing the 
potential number of sites for root infection and nodule formation. Further investigations are 
required to confirm the mechanisms of V toxicity in the legume-rhizobia symbiosis.  
  
 151 
 
    CHAPTER 8 
  
8 CHANGES IN SPECIATION OF VANADIUM (V) DURING 
UPTAKE AND TRANSLOCATION IN WHEAT AND 
COMMON BEAN 
 
 
8.1 Introduction  
Vanadium is a metal that has many uses in industry. As a result of the increasing usage of V, 
the release of V into the environment as a contaminant is also of increasing concern 
(Schlesinger et al., 2017). Vanadium toxicity has been observed in plants growing close to V 
mines (Panichev et al., 2006) and industrial plants burning V-rich fossil fuels (Yang et al., 
2014). 
The oxidation state of V species determines its biogeochemistry, bioavailability and toxicity. 
For V(V), the predominant form present in the soil solution is metavanadate VO3
- (Morrel et 
al., 1983) or one of its protonated forms: HVO4
2- or H2VO4
- (Crans, 2006). For V(IV), the main 
species is the vanadyl oxo-cation (VO2+) (Welch, 1973). Vanadium toxicity has been generally 
demonstrated in nutrient solutions for V(V) (Imtiaz et al., 2015; Lin et al., 2013a; Olness et 
al., 2005; Vachirapatama et al., 2011; Wallace et al., 1977; Welch, 1973; Yang and Tang, 
2015) with fewer studies examining V(IV) (Kaplan et al., 1990; Saco et al., 2012). 
Furthermore, the results reported from such studies examining V toxicity appear to be 
inconsistent, especially with respect to V redox species investigated. For example, for maize 
(Zea mays) and broad bean (Vicia faba) seedlings exposed to 20 to 100 µM of V (IV) or V(V), 
it was found that both V(IV) and V(V) were toxic at similar levels and resulted in comparable 
tissue V concentrations (Morrell et al., 1986). In soybean (Glycine max), 117 µM of V(IV) 
reduced growth by 40% (Kaplan et al., 1990 80) but in common bean (Phaseolus vulgaris) 80 
µM of V(IV) increased biomass (Martin and Saco, 1995). Further in cuphea (Cuphea 
viscosissima × C. lanceolata ‘PSR 23’) 153 µM of V(V) caused a 50% reduction in biomass 
(Olness et al., 2005). Recently, Tian et al. (2015) found that the dominant form of V in soil 
obtained from a mining site was V(IV) but that rape (Brassica juncea) plants absorbed V(V) 
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preferentially compared to V(IV), with these authors proposing that V(V) was the species that 
was actively involved in the V-plant interactions.  
Direct determination of V speciation in complex matrices is difficult (Pyrzyńska and 
Wierzbicki, 2004) and hence few studies have examined V speciation data in plant tissues 
(Deiana et al., 1988; Mandiwana and Panichev, 2006; Tian et al., 2014; Yang and Tang, 2015). 
The speciation of V within plant leaves is a reflection of the changes in V speciation during 
uptake and translocation. Several studies have used Electron Spin Resonance Spectroscopy, 
finding that V(V) undergoes reduction in plant root tissue (McPhail, 1982; Deiana, 1982; 
Morrel, 1986). It has been speculated that this reduction is driven by reducing agents commonly 
found in cell walls (e.g. aldehydes, ketones, glutathione, catechols, olefins, sulphydryls) as 
V(V) is a powerful oxidant (Cantley and Aisen, 1979; Kustin and Toppen, 1973; Macara, 
1980). The V(IV) that is then formed in planta has been suggested to form stable complexes 
with common biological ligands, such as proteins, polysaccharides catecholamines, organic 
acids (e.g. ascorbic acid, glutathione, citric acid, oxalic acid, polygalacturonic acid), NADH, 
amino acids etc. (Chasteen, 1983; Crans, 2006; Deiana et al., 1988; Ding et al., 1994; Morrell 
et al., 1986). However, experimental data is limited on the exact location and the extent of this 
reduction reaction and the mechanisms involved. In this regard, synchrotron-based X-ray 
absorption spectroscopy (XAS) may be useful as it is able to examine the speciation of a range 
of elements in situ within plant tissues, thereby avoiding potential artefacts associated with the 
extraction of elements prior to speciation [for an example with V, see Levina et al (2014)].  
It has also been reported that V interacts with Ca within plants, thereby influencing V toxicity. 
Reducing the Ca concentration in the growth medium has been reported to cause a marked 
reduction in V uptake (Morrell et al., 1986; Welch, 1973; Cannon, 1963.  Vanadium has been 
found to have an antagonistic effect on Ca uptake in barley (Hordeum vulgare L.) (Welch, 
1973); maize, soybean (Kaplan et al., 1990; Olness et al., 2000) and Sorghum bicolor 
(Wilkinson and Duncan, 1993). However, other studies have shown that the effect of Ca on V 
toxicity differs depending upon whether the plant is supplied with V(IV) or V(V) (Morrell et 
al., 1986). Cannon (1963) suggested that plants containing high levels of Ca also accumulated 
higher levels of V due to the formation of a sparingly soluble calcium vanadate compound 
within the roots. Thus, the examination of the speciation of V within plant roots would also 
assist in understanding the influence of Ca on V toxicity. 
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The aim of the present study was to examine changes in the speciation of V within plant tissues 
when supplied with either V(IV) or V(V) in the growth medium. Specifically, we aimed to 
understand if (i) the uptake rates of the two species vary in solution, (ii) if the two species of V 
differ in their toxicity effects, (iii) if the Ca concentration in the nutrient solution influences V 
uptake, translocation, and speciation, and (iv) V forms a calcium vanadate precipitate in root 
tissue. Plants were grown in nutrient solutions, with V speciation determined in situ using 
synchrotron-based XAS. It is hoped that this study will provide greater understanding of V 
toxicity and its transformations in plant tissues as required to assist in understanding V toxicity 
mechanisms in plants. 
8.2 Materials and methods  
8.2.1 Plant growth and bulk analysis 
A solution culture experiment was carried out with a 2 × 3 factorial design with two forms of 
V {VOSO4.5H2O [V(IV)] and NaVO3 [V(V)]}and three Ca concentrations [400 µM (low), 
1800 µM (sufficient) and 3200 µM (high)] added as CaCl2 using wheat (Triticum aestivum L. 
cv. Spitfire) and common bean (Phaseolus vulgaris L.cv. Bean Bush Blue Lake) as test plant 
species with each treatment being replicated three times.. Both V compounds were added with 
a final V concentration of 350 µM, which was sufficient in our experimental system to reduce 
plant biomass by approximately 50 % (EC50). The control treatment had 1800 µM of Ca and 
no added V.  
 
First, seeds were surface-sterilized in 0.4 M NaOCl for 15 min and then placed on germination 
towels rolled and moistened with tap water and placed upright in a tall 1.5 L container beaker 
approximately one-quarter filled with tap water in a Conviron Adaptis growth chamber set at 
12 h (dark), 18 °C: 12 h (light ca. 460 micromoles m-2 sec-1), 22 °C temperature and light 
regime, 65% humidity. After 4 d for wheat and 8 d for common bean, seedlings were 
transferred to 2 L polypropylene pots covered with black polythene and filled with a chelator 
buffered nutrient solution (Pedler et al., 2000; Reichman & Parker, 2007). Seedlings were 
placed vertically in place inside a polypropylene tube using a square of foam and then fitted 
into small holes in the lids of each container. Ten wheat seedlings or five bean seedlings were 
planted per pot. The nutrient solution in each pot was continuously aerated by an aquarium air 
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stone (Kordon, Novalek Inc, Hayward, CA, USA) connected to a silicon tube carrying filtered 
compressed air placed through a hole in the lid.  
 
All chemicals used for this study were of analytical reagent grade or trace metal grade. The 
basal nutrients in the nutrient solutions were supplied as (µM): NO3
-, 4800; NH4
+, 200; P, 80; 
K, 1080; Mg, 500; Mn, 0.6; Zn, 8; Cu, 2; B, 10, Mo, 0.1; Ni, 0.1; and Cl, 21.4. The solutions 
contained 35.7 µM hydroxyethylethylenediaminetriacetic acid (HEDTA) (representing a 25 
µM excess above the sum of the Mn, Cu, Zn and Ni concentrations) to control trace-metal 
activity. Seedlings were grown in complete solution culture that contained 75 µM Fe as FeCl3 
plus another 75 µM HEDTA to buffer the Fe activity. To buffer the solution culture at pH 6.2 
± 0.2, the solution contained 1 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffering 
agent and 0.5 mM NaOH. Daily measurements of pH were made and the pH adjusted, as 
necessary, with 0.1 M NaOH or HCl. The V stock solutions used were neutralised by adding 
NaOH or HCl as appropriate to adjust the pH to 7 and equilibrated at room temperature for 5 
d prior to use. The V was added to the nutrient solutions 24 h after the seedlings were initially 
transferred to nutrient solutions, while the Ca treatments were imposed at the time of transplant. 
 
Plants were harvested 8 d after transplanting (i.e. 7 d after addition of the V to the nutrient 
solution). Shoots and roots were harvested and rinsed sequentially in 2 % Decon 90 (Fisher 
Scientific), in tap water and then three times in ultrapure (18 MΩ. cm) water.  Plants were then 
gently blotted dry with paper towel and the fresh weight determined. The root and shoot tissue 
from each pot was divided into two parts in order to prepare a dehydrated (freeze dried) sample 
and a hydrated (frozen) sample. To prepare each freeze dried sample, the fresh tissue sample 
was snap frozen in liquid nitrogen and then freeze dried at -55 °C for 48 h. The freeze-dried 
samples were ground to a fine powder using a mortar and pestle. One portion of each freeze-
dried sample was used for bulk analysis while the other portion was stored in a desiccator until 
it was transported to the Australian Synchrotron. To prepare each frozen sample, the fresh 
tissue sample was snap frozen in liquid nitrogen, and stored at −80 °C before being taken to 
the Australian Synchrotron in a dry shipper cooled with liquid nitrogen. 
To determine bulk tissue concentrations, approximately 0.2 g of each freeze-dried sample was 
digested using 5 ml of 70 % HNO3 in a digest block at 115
0C for 2 h with two sample blanks 
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and a standard reference material for quality control [Citrus leaves (NCS ZC 73018 (GS-11)]. 
Each sample was run in duplicate. Acid- digested samples were then analysed using inductively 
coupled plasma mass spectrometry (ICP-MS, Agilent, 7700) for V and by microwave plasma 
atomic emission spectrometry (MP-AES, Agilent, 4200) for Ca. 
8.2.2 X-ray absorption spectroscopy (XAS) 
Analyses were conducted at the XAS beamline at the Australia Synchrotron (Melbourne, 
Australia). Samples were analysed in situ using the V K-edge (5,465 eV) X-ray absorption near 
edge structure (XANES) spectroscopy. Each scan used a beam size of c. 1 mm × 2 mm, 
calibrated simultaneously with a metal foil reference, with spectra collected in fluorescence 
mode using a 100-element solid-state detector. As outlined later, samples were analysed either 
at room temperature or in a liquid helium cryostat maintained at ca. 12 K. 
 
We analysed both the dehydrated and hydrated (frozen) plant tissue samples using XAS. Where 
dehydrated plant tissue samples were used, they were prepared by forming the finely ground 
tissues into pellets using a pellet press before being sealed in Kapton tape before transfer to 
either the room temperature sample holder or the cryostat (see later). Where hydrated samples 
were used, these were prepared using approximately 2 g the hydrated samples which were 
ground under liquid nitrogen using an agate mortar and pestle. The homogenized tissues were 
then sealed in Kapton tape and transferred directly to the cryostat (ca. 12 K). At no time were 
the frozen samples permitted to thaw, and the hydrated samples were never analysed using the 
room temperature holder. 
 
Using these dehydrated and hydrated samples, we first conducted a preliminary experiment to 
determine if the X-ray absorption near edge spectroscopy) analyses damaged the samples. For 
this preliminary experiment, we used a freeze-dried bean root tissue sample grown with 350 
µM V(V) and 3200 µM Ca. First, the sample was placed in a room temperature holder and 10 
rapid XANES scans performed. Each of the rapid scans had 92 s of exposure, with the 
combined length of exposure from these 10 rapid scans approximately equal to the exposure 
from one full XANES scan. The spectra of the 10 rapid scans were compared to determine if 
the analysis had caused a change in speciation of V(V), as evidenced by a change in the spectra. 
Next, a series of 10 quick XANES scans were conducted using the cryostat at ca. 12 K.  Again, 
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spectra of the 10 scans were compared to assess for beam damage. Based on the results of this 
preliminary experiment (see Results section), all scans hereafter were performed in the cryostat 
to reduce beam damage.  
 
Next, we conducted a second preliminary experiment in order to determine if it was best to use 
hydrated samples or freeze dried samples. It was of particular interest to determine if the 
XANES analyses resulted in the oxidation or reduction of the V in the sample during analysis. 
Thus, for this second preliminary experiment, three compounds were examined, being a 
dehydrated bean root tissue exposed to V(V) plus two standard compounds [a hydrated 
(aqueous) NaVO3 [V(V)] standard and a dehydrated (freeze dried) V(V) standard, see details 
later]. For this preliminary experiment, the energy was maintained constant at either 5,468.6 
eV or at 5,484 eV, with these values corresponding to energies where the spectrum is higher 
for V(V) than for V(IV) (5,468.6 eV) or where the spectrum is higher for V(IV) than for V(V) 
(5,484 eV). Thus, by maintaining the energy constant at these values, a change in fluorescence 
is presumably associated with either the reduction or oxidation of the V during analysis. For 
this preliminary experiment, the samples were scanned for 800 s, with data collected at 1000 
intervals.  
From this preliminary experiment, it was evident that the XANES scans resulted in damage to 
hydrated samples, thus hereafter only dehydrated (freeze dried) samples were analysed. The 
dehydrated (freeze dried) tissues of the wheat and common bean were then analysed in the 
cryostat. However, V concentrations in the plant tissues were too low to permit analysis for 
both the roots and shoots of plants exposed to V(IV) as well as for the shoots of plants exposed 
to V(V). Thus, only the roots of plants exposed to V(V) were analysed using XAS. Thus, a 
total of six plant tissue samples were analysed, with multiple XANES scans performed for each 
sample, with three or four scans per sample. The sample position was moved by approximately 
0.5 to 1.0 mm between each scan in order to obtain representative spectra and to reduce the 
risk of beam damage. 
 
In addition to the plant tissue samples, a total of eight V-containing standards (seven aqueous 
and one solid) were prepared. For the seven aqueous standards, both dehydrated (freeze dried) 
and hydrated forms were prepared, but only the dehydrated standards were examined (with the 
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exception of the hydrated standard which was analysed as part of the preliminary experiment, 
see above). The seven aqueous standards consisted of (i) 1 mM aqueous V(V) prepared using 
NaVO3, (ii) 1 mM aqueous V(IV) prepared using VOSO4.5H2O, (iii) – (vi) 1 mM VOSO4 
mixed with one of four ligands at a concentration of 15 mM (ascorbic acid, citric acid, oxalic 
acid and glutathione (GSH) and (vii) 1 mM VOSO4 mixed with 1% polygalacturonic acid. 
After mixing these seven aqueous compounds, the pH raised to approximately 6.2 using 0.1 M 
NaOH [pH was not adjusted for1 mM aqueous V(V), 1 mM aqueous V(IV) or the 1% 
polygalacturonic acid], frozen in liquid nitrogen, freeze-dried and stored in a desiccator. The 
solid standard, CaVO3, was diluted to 100 mg V kg
−1 by mixing with cellulose powder. The 
hydrated standard that was analysed in the preliminary experiment also contained 30% glycerol 
to limit ice-crystal formation during cooling. Each standard was analysed using multiple 
XANES scans, with two replicate scans per standard. 
8.2.3 Statistical analysis 
Statistical analyses were performed using MiniTab 17 Statistical Software (2010) to compare 
treatment effects. Means were compared by one-way analysis of variance (ANOVA) and 
multiple comparison test (post hoc Fisher’s Least Significant Differences). Differences were 
considered significant at P < 0.05. 
8.3 Results 
8.3.1 Plant growth and bulk tissue analysis 
Plant roots exposed to V(V) of both wheat and common bean showed deformities in root 
proliferation from 4 d . After 7 d, the lateral roots were noticeably shorter in all plants treated 
with 350 µM of V(V) irrespective of the Ca concentration. At completion of the experimental 
period, shoots of both plant species exposed to V(V) showed stunting with smaller malformed 
leaves. In contrast, plants exposed to 350 µM of V(IV) did not show any visual indication of 
toxicity in either plant species until 7 d.  
Tissue analyses showed significant differences in tissue biomasses (dry) in shoots and roots of 
each plant species exposed to V(IV) or V(V) in comparison to tissue biomasses of control 
plants grown without added V at sufficient Ca (1800 µM) (P<0.05) (Figure 8.1).  That is, when 
plants were grown in solutions containing 1800 µM of Ca, V(IV) reduced shoot biomass up to 
~9% (wheat) and ~15% (common bean) and root biomass by up to 28% (wheat) and 22 % 
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(common bean). Vanadium (V) caused comparatively greater biomass reductions than V(IV), 
with reductions up to ~47% (wheat) and ~35% (common bean) for shoots and up to 62% 
(wheat) and 66% (common bean) in roots in comparison to respective controls. 
Increasing the Ca concentration from 400 to 3200 µM did not affect shoot or root biomass of 
either plant species significantly, regardless of whether the plants were exposed to V(IV) and 
V(V) (Figure 8.1). Indeed, the only statistically significant difference for Ca was for the wheat 
shoots exposed to 1800 µM compared to wheat shoots exposed to 400 µM and 3200 µM, 
although the effect of Ca was small and not consistent (Figure 8.1a).  
  
Figure 8.1 Effect of V species and the Ca concentration in the nutrient solution on tissue dry 
mass of (a) wheat (Triticum aestivum) and (b) common bean (Phaseolus vulgaris) grown for 7 
d in nutrient solutions containing 350 µM V. Bars represent the mean ± standard error (n=3). 
For each panel, different letters above the bars indicate significant differences among 
treatments for each tissue type of each species (P<0.05). 
 
The V species supplied in the nutrient solution had a significant impact on the uptake and 
translocation of V. For the roots, the V concentrations in the V(V)-exposed root tissues were 
9-12 fold higher for wheat (P< 0.01) and 10 – 11 fold higher for common bean (P<0.01) based 
on Ca concentration treatment (Figure 8.2). In shoots, the V speciation in the nutrient solution 
did not have a significant effect on shoot tissue concentrations (Figure 8. 2). Accordingly, for 
plants exposed to V(IV), concentrations of V were similar in both the roots and shoots [root 
bioaccumulation factor (Root V concentration: Shoot V concentration); BF~1] (Figure 8.2 c), 
but for plants exposed to V(V), concentrations of V were 10-12 times higher in the roots than 
in the shoots (BF ~ 10-12) (Table 8.1).  
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Generally, the solution Ca concentration (400 to 3200 µM) had no significant influence on the 
tissue V concentrations. The only exception was in the roots of common bean where V 
concentrations were lower at 400 µM Ca than at 1800 and 3200 µM Ca (Figure 8. 2b). Hence, 
Ca concentration did not have a significant effect on the root bioaccumulation factor of V 
species. 
 
  
 
 
Figure 8.2 Effect of V species and the Ca concentration in the nutrient solution on V 
concentrations in shoot and root tissue of (a) wheat (Triticum aestivum) and (b) common bean 
(Phaseolus vulgaris) and (c) root bioaccumulation factor (BF; i.e. the ratio of V in the root to 
that in the shoot) of wheat and common bean grown for 7 d in nutrient solutions containing 
350 µM V. Columns represent the mean ± standard error (n=3). For each panel, different letters 
above the bars indicate significant differences among treatments for each tissue of each 
individual species (P<0.05).    
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(although often significantly) for both the root and shoot tissues of both plant species (Figure 
8.3). However, both V(IV) and V(V) significantly lowered tissue Ca concentrations in shoot 
tissue of both plant species in comparison to control tissue types that were not exposed to V 
and grown under a sufficient Ca concentration (1800 µM).  
  
Figure 8.3 Effect of V species and the Ca concentration in the nutrient solution on the tissue 
Ca concentration in (a) wheat (Triticum aestvum) and (b) common bean (Phaseolus vulgaris) 
grown for 7 d containing 350 µM V. Bars represent the mean ± standard error (n=3). For each 
panel, different letters above the bars indicate significant differences among treatments for each 
tissue type of each species (P<0.05). 
 
8.3.2 X-ray absorption spectroscopy results 
The first component of the XAS study was to determine the appropriate conditions for 
performing the XANES scans, as it is known that the incident X-rays can damage the samples 
and alter speciation (Kopittke et al., 2017; Wang et al., 2015). The first preliminary experiment 
examined whether the root temperature chamber or the cryostat was the most appropriate. 
However, it was observed that there were comparatively rapid changes in sample speciation at 
room temperature (Figure 8.4a) compared to the cryostat at 12 K (Figure 8.4b). These changes 
in speciation at room temperature were particularly evident in the pre-edge peak at ca. 5,468 
eV (Figure 8.4a). From the first three scans alone (of the 10 in total), it seemed that exposure 
to the X-ray beam at room temperature resulted in photoreduction from V(V) to V(IV) as 
evidenced by the gradual decrease in pre-edge peak height (see later). In contrast, in the cryostat 
(12 K), no changes in speciation were evident across the rapid XANES scans, including in the 
pre-edge peak (Fig. 4b). Therefore, hereafter, all scans were conducted using the cryostat. 
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Figure 8.4 Normalised V K-edge XANES spectra for freeze dried root tissues exposed to V(V). 
A total of 10 rapid XANES scans (92 s of exposure per scan) were used to determine if there 
were changes in the spectra, with only the first three scans shown here. Samples were analysed 
either (a) at room temperature or (b) at 12 K. Figure c is the inset outlined by the box in figure 
a and figure d is the inset outlined by the box in figure b. 
A second preliminary experiment examined whether the extent of beam damage was also 
influenced by the use of hydrated (frozen) or dehydrated samples. For this preliminary 
experiment, a hydrated V(V) standard and a dehydrated V(V) standard were compared, with 
the energy of the incident X-ray photons maintained at constant energy. First, an analysis was 
performed at 5,468.6 eV, with this energy corresponding to the pre-edge peak, and where the 
reduction of V(V) to V(IV) would be expected to decrease fluorescence (see section X). 
Secondly, for each sample, an analysis was performed at 5,484 eV, where the reduction of 
V(V) to V(IV) would be expected to increase fluorescence (see later). For the hydrated V(V) 
standard, it was found that the signal at 5,468.6 eV decreased somewhat over time but increased 
slightly over time at 5,484 eV, corresponding to the photoreduction of V(V) to V(IV) 
(Appendix 1). For the dehydrated V(V) standard and the dehydrated root tissues, changes in 
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fluorescence at both energy values were much smaller (Figure 8.5c, d, e and f), thereby 
indicating that these samples were much more stable upon exposure to the X-ray beam. Thus, 
hereafter, all XANES analyses were performed on dehydrated compounds. 
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Figure 8.5 Comparison of the change in normalised fluorescence intensity during the exposure 
period for three samples, being (a, b) a hydrated NaVO3 standard [V(V)], (c, d) a dehydrated 
[V(V)] NaVO3 standard and (e, f) dehydrated root tissue of bean. Changes in fluorescence 
intensity were examined at constant energy, being both 5468.6 eV (top) and 5484 eV (bottom). 
Note that the change in fluorescence intensity at these constant energy values is associated with 
a change in speciation between V(IV) and V(V). 
Next, consideration was given to the XANES spectra of the eight V standard compounds. From 
visual observation, it was apparent that V(V) compounds and V(IV) compounds could be 
identified from differences in the positions and heights of the pre-edge peak and the white line 
peak (Figure 8.6a, Appendix 2), with this being in agreement with Levina et al. (2014). 
Specifically, V(V) complexes were observed to have a white line peak at 5,488 eV whilst V(IV) 
complexes had a white line peak at ca. 5,483 eV (Figure 8.6a). Similarly, the pre-edge peak for 
V(V) was at 5,468.6 eV whilst the pre-edge peak for V(IV) was at 5,468.3 eV (Figure 8. 6a). 
In addition, the height of the pre-edge peak differed markedly depending upon the form of V, 
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as did the general features of the XANES spectra. For example, a change in oxidation state 
from V(IV) to V(V) was associated with a marked increase in pre-edge peak height, a slight 
shift in the pre-edge peak (from 5,468.3 to 5,468.6 eV), a shift in the white line peak (from 
5,483 to 5,488 eV), and a decrease in the height of the white line peak (Figure 8.6a).  Not only 
did the spectra differ between V(V) compounds and V(IV) compounds, but there were also 
subtle differences between different compounds with the same oxidation state. For example, 
the white line peak for V(IV) glutathione was lower than for the other V(IV) compounds 
(Figure 8. 6a). 
  
Figure 8.6 (a) Normalised V K- edge XANES spectra for V(IV) and V(V) reference compounds 
(b) Normalised V K-edge XANES spectra for the root tissues exposed to V(V) of both wheat 
and common bean at three different Ca concentrations, 400 1800, and 3200 µM Ca for 7 d.  
The horizontal grey lines represent a value of 1 for each of the normalized spectra, while the 
vertical grey lines correspond to the white-line peaks of V(IV) (5,483 eV, solid line) and V(V) 
(5,488 eV, dotted line) standards  
Next, consideration was given to the speciation of V within the root tissues of plants exposed 
to V(V). From visual examination of the spectra, it was evident that the white line peak of the 
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spectra from roots of common bean exposed to V(V) was at ca. 5,484 eV, which was similar 
to that for the V(IV) standards (Figure 8.6b, Appendix 3 and 4). Similarly, the pre-edge peak 
for common bean was at ca. 5,468.2 eV, which again was similar to V(IV) standards (Figure 
8.6b, Appendix 3). Linear combination fitting was then used to predict the V speciation within 
the root tissues. For the bean roots exposed to V(V), it was predicted that 67-97% of the V was 
present as the free vanadyl oxo-cation (VO2+). However, whilst the remaining 3 to 33 % of the 
V was also present as V(IV), it was not clear which form of V(IV) it was present as. Indeed, it 
was possible that this 3 to 33 % of V(IV) was present as VO2+-polygalacturonate, VO2+-citrate, 
VO2+-ascorbate, VO2+-glutathione or VO2+-oxalate, with the R-factor obtained when fitting 
with these various compounds (indicating the goodness of fit) being similar (ranging from 
0.001298 to 0.001460). Thus, it was apparent for the roots of bean that despite being exposed 
to V(V), the V within the root tissues was present as V(IV), with most present as the free 
vanadyl oxo-cation (VO2+).  
For roots of wheat exposed to V(V), the white line peak was found to be at ca. 5,486.5 eV, 
which was between that of the V(V) standards (5,484 eV) and the V(IV) standards (5,486.5 
eV) (Figure 8.6b, Appendix 5). Similarly, the pre-edge peak for these wheat roots was at ca. 
5,468.5 eV, which again was between that of the V(V) standards (5,468.6 eV) and the V(IV) 
standards (5,468.3 eV) (Appendix 5). The height of the white line peak for wheat was also 
lower than that observed for the bean roots and for the V(IV) standards (Fig 6b). Using linear 
combination fitting for wheat roots exposed to V(V), it was predicted that ca. 60% of the V 
was present as free V(IV) vanadyl cations, with the remaining ca. 40 % present as V(V) [either 
as Ca metavanadate or occur as Na metavanadate, with both having similar R-factors when 
included in the fit]. Thus, for roots of wheat, LCF predicted that ca. 60% of the V was present 
as V(IV) with the remaining ca. 40 % present as V(V) compounds.  
Finally, we examined the influence of the Ca supply on the XANES spectra. However, for both 
plant species, the XANES spectra were similar regardless of the concentration of Ca within the 
nutrient solution. Thus, these results suggest that the Ca concentration did not alter the 
speciation of the V within the root tissues. 
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8.4 Discussion 
8.4.1 Uptake and bioaccumulation of V species 
It was found that V(V) was more toxic than V(IV) and also accumulated to higher 
concentrations within plant tissues (Figure 8.1).  These results differ from that reported 
previously for maize and broad bean in which no significant differences were found in uptake 
and translocation of V(IV) and V(V) (2 - 200 µM) (Morrell et al., 1986). There are several 
possible explanations for this apparent discrepancy between the two studies. First, total V 
concentrations in the two nutrient solutions were substantially different (being 350 µM in the 
current study) which could have affected the V species present within the nutrient solutions as 
displayed in previous work (Welch, 1973). Second, the pH of the nutrient solutions were not 
monitored throughout the experiment in the work done by Morrel et al. (1986) which raises a 
questions about the reliability of their results. In fact, authors later learnt that the optimum 
uptake of V(IV) occurred at pH=4.5 and that the uptake of V(IV) reduced at pH > 5 in other 
investigations conducted using the same species (Morrel, 1986). Third, if there were 
differences in the root exudation of compounds having a high affinity for V(IV) [e.g. proteins, 
polysaccharides acids, amino acids, proteins (Chasteen, 1983; Morrel, 1986)], the bioavailable 
VO2+ fractions in the two solutions may have differed subsequently. Fourth, as plant species 
vary greatly in their ability to tolerate V (Cannon, 1963) and such differences extend to even 
different varieties within the same species (Olness et al., 2001), it is possible that species 
specific variations occurred in V uptake mechanisms between these species.   
Given that the uptake rates of V(V) were significantly greater (nine – 12 times) in comparison 
to V(IV) in all replicates, we hypothesize that VO2+ was absorbed non-specifically via 
aquaporins (water channels) while vanadate entered plant roots via a PO4
3- carrier which has 
structural and electronic analogy to vanadate (Ullrich-Eberius et al., 1989; Crans et al., 2004). 
Several other bivalent metal cations have indeed been shown to enter plant roots via 
aquaporins; e.g. Hg, Cd, Pb, Zn etc. (Przedpelska-Wasowicz and Wierzbicka, 2011) but this 
hypothesis regarding the uptake of VO2+ requires further investigation. Evidence for V(V) 
interfering with phosphate uptake came from our previous studies for wheat particularly at < 
256 µM V (Chapter 3). Our findings are also in agreement with previous studies that have 
demonstrated interactions between metavanadate (VO3
_) and soil P for uptake in certain 
varieties of maize (Olness et al., 2002) and soybean (Olness et al., 2000) and between 
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orthovanadate (VO4
3-) and phosphate for uptake in chick peas (Cicer arietinum L.) (Imtiaz et 
al., 2015).   However, in duck weed (Lemna gibba), exposed to 1000 µM of VO4
3-, V was not 
transported via the same carriers as phosphate at pH 5.7 (Ullrich-Eberius et al., 1989).  Firstly, 
these inconsistencies could be due to differences in pH and total V concentration (Welch, 1973; 
Morrel, 1986; Crans, 2004) affecting V chemistry and accordingly their uptake methods. 
Secondly, duck weed being a free floating aquatic plant with adventitious roots lacking root 
hairs and nutrient uptake generally taking place from fronds (a combination of stem and leaves) 
(Goopy and Murray, 2003), nutrient uptake pathways in duck weed would be very different to 
that of wheat and common bean and hence their findings do not contradict our results.  
8.4.2 Changes in V speciation during uptake and translocation 
This study demonstrated that the majority of V in plant tissue occurred as V(IV) even when V 
was supplied as V(V) in the soil solution which was in general agreement with the findings of 
previous studies (Mandiwana and Panichev, 2006; Tian et al., 2014). However, this study 
discovered for the first time reduced V(IV) primarily occurred as free uncomplexed VO2+ in 
plant tissue while the lesser, non-reduced V(V) fraction was present either as calcium 
metavanadate or sodium metavanadate. Cannon (1963) hypothesized that V(V) was primarily 
immobilised in plant root tissues as a CaVO3 precipitate, although this hypothesis has not 
previously been investigated. However, our research indicates that CaVO3 does not form in 
some plant species (i.e. common bean) and it is not the predominant V compound that was 
formed in other species (i.e. wheat). 
8.4.3 Vanadium (V) reduction strategies in plants 
Results reported here suggest the importance of carboxylic acids and antioxidants 
(polygalacturonic acid, ascorbic acid, citric acid, oxalic acid and glutathione) in the reduction 
of V(V) species to V(IV) compounds in common bean although such compounds were formed 
in minor quantities. This study for the first time detects VO2+-polygalacturonate formed in 
planta in a root tissue sample suggesting the role of polygalacturonic acid in the reduction, 
complexation and immobilisation of V(IV) in root cell walls in common bean in agreement 
with previous findings of McPhail et al. (1982), Garcia et al. (2012) and Hou et al. (2013). 
Next, detection of VO2+-citrate and VO2+-oxalate in root tissue suggests for the first time a 
possible mechanism of upward transfer of V(IV) in plants as such inorganic acids have been 
presented to act as metal chelators in the translocation of other bivalent metals in plants 
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previously [e.g. Fe2+ and Ni2+ translocation via the xylem in soybean (Tiffin, 1970)]. 
Contrariwise, desorption of V from apoplasm is also very possible as citrate could be 
ameliorating V toxicity by forming non-toxic chelates like in Al toxicity (Rengel, 1996). No 
experimental research on transport of individual V ionic species across the plasma membrane 
of intact plant cells appears to have been published.   
Further, this study provides evidence for complexation of VO2+ with glutathione in common 
bean roots, suggesting for the first time in plants that some V(IV) could be sequestered in 
vacuoles as VO2+-glutathione as has glutathione been involved in the sequestration of other 
bivalent metals in plant vacuoles [e.g. Cd and Cu (Manara, 2012; Rauser, 1999) and V(IV) in 
red blood cells (Macara et al., 1980)]. Overall, the extent of reduction of V(V) to V(IV), 
immobilisation of V(IV) and translocation of V(IV) species in common bean appears to 
depends on the availability of cellular reducing agents and also the number of binding sites 
available for VO2+ in root cell walls. 
In wheat, no link was found between the presence of organic acids and antioxidants in the 
nutrient solution with the reduction of V(V). Hence, reduction of V in wheat must have driven 
by other common reducing compounds present in the cellular environment [e.g., aldehydes, 
ketones, glutathione, catechol, olefins and sulfhydryl (Cantley and Aisen, 1979)]. The 
previously proposed mechanism involving cell wall polysaccharides in the reduction of V(V) 
in plants (McPhail et al., 1982, García et al., 2012, Hou et al., 2013) does not explain why all 
reduced V(IV) occurs as  uncomplexed VO2+in wheat roots. We suggest that the large fractions 
of uncomplexed VO2+ detected in wheat and common bean root tissue represented the soluble 
fraction or the vacuolar fraction as previously demonstrated in the roots of wheat (Triticum 
aestivum L. cv. Capelle) (McPhail et al,. 1982) and Brassica spp. (Hou et al., 2013) using 
indirect methods (i.e. root washing studies and studies employing differential centrifugation of 
tissue fractions respectively). Vacuolar sequestration of VO2+ in root cortical cells may further 
explain why majority of V was retained in the root tissue while only a small faction was 
translocated to the aerial tissue. Further investigations need to be done using an in situ sample 
to confirm the subcellular distribution of uncomplexed VO2+ using possibly a more advanced 
imaging techniques.   
 
8.4.4 Effect of Ca concentration on V toxicity response 
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The present study did not support the hypothesis that excess Ca (3200 µM) would alleviate the 
toxicity of V(IV) or V(V). Instead, when V treated plants were grown in solutions containing 
excess Ca, V did not significantly and consistently affect biomass in wheat and common bean 
(Figure 8.1). Further, excess Ca did not affect tissue V concentrations or affect V speciation in 
root tissue of either species (Figure 8.2). Hence, it is not clear why changing tissue V 
concentrations resulted from changes in Ca concentrations in the growth medium as reported 
in literature (Morrel et al., 1986; Welch, 1973; Cannon, 1963). However, both V species 
lowered tissue Ca concentrations in both wheat and common bean shoots in comparison to 
corresponding control plant tissue not exposed to V and grown at a sufficient Ca concentration 
(1800 µM). We propose that this effect may have been due to VO2+ substituting for Ca2+ that 
makes cross linkages between carboxylate groups in plant cell walls as suggested by Deiana et 
al. (1988); García et al., (2012) and Hou et al., (2013) regardless of whether VO2+ was supplied 
in the bulk solution or whether the VO2+ was formed in planta from the reduction of V(V). 
Depletion of Ca2+ ions from the cell walls might have lowered cellular Ca2+ concentrations 
which in turn might have affected cellular Ca2+ homeostasis as observed in Al toxicity (Blamey 
and Dowling, 1995; Huang et al., 1992; Silva, 2012). We further hypothesize that the ability 
of VO2+ to replace Ca2+ cross linkages between carboxylate chains in cell walls may be key 
factor that determines V induced arresting of root elongation and root branching common to 
both V toxicity and Al toxicity. Overall, if V would affect cellular Ca2+ homeostasis, its 
consequences on plant physiology would be quite detrimental. Given the very complex nature 
of V speciation in solution, research is hindered by the complex chemistry of V, whose 
chemical speciation in dilute solutions undergoes dramatic changes upon small changes in pH 
and is strongly dependent on ionic strength as well as on the activity of other which is 
characteristic to Al toxicity (Kinraide, 1991).  
8.5 Conclusions 
This study used synchrotron-based XAS to investigate how speciation of V(V) and V(IV) 
changes during uptake into roots, how the Ca concentration in the nutrient supply influences V 
speciation and subsequent V accumulation in wheat and common bean in situ, which had not 
been examined previously. It has been demonstrated that V(V) was preferentially taken up by 
plant roots compared to V(IV), with V(V) also having a greater toxicity particularly for the 
plant roots. Vanadium speciation within root tissue of the two plant species differed 
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considerably, with all V(V) being reduced to V(IV) in common bean while majority of the V 
was also reduced to V(IV) in wheat although some remained as V(V). Majority of V (IV) 
occurred as uncompleted VO2+ while some V(IV) was bound to organic acids and antioxidants.  
Given the lower toxicity of V(IV) in comparison to V(V), reduction appears to be an effective 
V(V) detoxification strategy used by both species. Interestingly, changes in Ca concentration 
did not affect V speciation in the root tissue or excess Ca did not alleviate V(V) toxicity in 
either species. Thus, formation of a precipitate with CaVO3 was precluded to be the dominant 
mechanism that enabled V(V) tolerance differences between species even when plants had 
greater access to Ca. This study provides first time evidence for reducing agents and 
antioxidants playing a role in the detoxification, immobilisation and aerial transfer of V species 
in common bean. The next stage for understanding changes in V speciation during uptake and 
translocation is to investigate sub-cellular localisation of V species.  
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    CHAPTER 9  
 
9 GENERAL DISCUSSION, CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE RESEARCH  
 
This chapter summarises the findings under each research question and lists the conclusions 
drawn from this study that investigated vanadium phytotoxicity: uptake, translocation and 
interactions with nutrients in wheat and common bean. In addition, recommendations for future 
research are outlined, which deliver some insights that can be employed to improve and expand 
the findings of this study. 
 
9.1 General discussion and summary of findings  
A summary of findings of this study and the contributions it has made to the body of knowledge 
has been discussed under each research question heading in the following sections (9.1.1 and 
9.1.4).  
 
9.1.1 How would an excess supply of V (V) affect plant uptake and translocation,   
bioaccumulation and phytotoxicity in wheat and common bean?  
 
The first objective of this study was to investigate how an excess supply of vanadium (V) affect 
plant V uptake, translocation, bioaccumulation and toxicity in wheat and common bean. In 
order to achieve this objective, dose dependent growth responses of wheat and common bean 
were examined for vanadate concentrations in solution between 8 and 512 µM as explained in 
Chapter 3. Vanadium toxicity symptom initiation and advancement processes in wheat and 
common bean were discussed. Effective concentrations for a 10% and 50% reduction in 
biomass (EC10 and EC50 respectively) were derived for solution V concentrations and tissue V 
concentrations [EC10 in solution µM (wheat; shoots = 98, roots =177.3) (common bean; 
shoots=3.4, roots= 14.2), EC10 in tissue mg/kg (wheat; shoots = 35.5, roots =3459.9) (common 
bean; shoots=3.97, roots= 2.64)]. The results also found that more than 90 % of V was retained 
in roots in wheat and common bean. In wheat, V toxicity symptoms first appeared in mature 
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old leaves and significantly higher amount of V was accumulated in mature old leaves in 
comparison to young green leaves. Juvenile leaves remained green and healthy while mature 
leaves turned severely chlorotic which suggested that V may have poor phloem redistribution 
in wheat. Root bioaccumulation appeared to be a detoxification strategy utilized by plants to 
reduce aerial transfer of V. Vanadium translocation was significantly decreased at solution V 
concentrations ≥64 µM for common bean and ≥128 µM for wheat which indicated of a changes 
of V toxicity response in plants at such concentrations which appeared to be related to changes 
of chemistry of vanadate. Wheat was found to be more tolerant of V compared to common 
bean. Eco-toxicological threshold values for common bean was close to natural background 
soil solution V concentrations in certain soils which alarms of more widespread potential 
toxicity effects of V on certain plant species esp. in contaminated soils. Hence, V toxicity 
appears to be more common than it was previously known.   
 
9.1.2 How does vanadium (V) affect uptake and translocation of other nutrients in wheat 
and common bean?  
 
The second objective of this study was to determine how vanadium affects uptake and 
translocation of calcium, iron, magnesium and phosphorus in wheat and common bean.  This 
objective was achieved by conducting the experiments explained in Chapters 4, 5 and 6. In 
Chapter 4, the effect of V(V) on plant nutrients during uptake and translocation of V was 
evaluated; specifically the effects of V on the tissue concentrations of Fe, Ca, Mg and P in 
wheat and bean were evaluated and the interactions that occurred between V and Fe, Ca, Mg 
and P were identified. The results presented were the first to validate the proposed hypothesis 
in the literature that V uptake rates in plants are different above and below ~100 µM V 
concentrations in solution due to the monomer ion being the predominant form species present 
below 100 µM and oligomers being predominant over 100 µM.  The main interactions revealed 
were found between V and Ca and V and Fe. Tissue V concentrations were negatively 
correlated to tissue Ca concentrations in bean possibly due to substitution of Ca2+ in cell walls 
by reduced VO2+ species causing an irreversible displacement of tissue Ca2+. Further, V stress 
was related to an increase of tissue Fe concentrations in the roots and shoots of wheat but not 
in bean.  
Vanadium and Ca interactions were further studied in Experiment 2 (Chapter 5) using a 3x3 
factorial experiment that compared the effects of three V concentrations (0, 100 and 350 µM) 
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and three Ca concentrations (400, 1800 and 3200 µM) using 3 replicates. Results showed that 
Ca did not affect biomass or tissue V concentrations in both wheat roots and shoots. Solution 
V effects on tissue Ca concentrations were inconsistent. Hence, it was concluded that 
increasing Ca concentration in solution did not alleviate V toxicity as hypothesized.  Results 
demonstrated that high V treatment (3200 µM) was associated with reduced tissue Fe 
concentrations in both shoots and roots. For the first time in the published literature, it was 
demonstrated that, V stimulated the secretion of phytosiderophores in wheat roots, possibly to 
overcome induced Fe deficiency symptoms in shoots exposed to V toxicity. 
Vanadium and iron interactions were further studied in Experiment 3 (Chapter 6) using a 3x2x 
3 factorial design to compare the effects of three V concentrations (0, 100 and 350 µM) and 
two Fe concentrations (3.5 µM- Fe deficient and 75 µM- Fe sufficient) and 3 replicates.  Results 
showed that the 100 µM V treatment, under Fe sufficient conditions, enhanced tissue Fe 
nutrition and tissue biomass production in wheat. However, the 350 µM V treatment enhanced 
Fe nutrition in roots under both Fe deficient and Fe sufficient conditions but caused tissue 
biomass reductions that were comparable to Fe deficient treatment effects in wheat. Vanadate 
treatments were associated with increased root PS releases under both Fe deficient and Fe 
sufficient conditions. However, at each vanadate treatment, seedlings exposed to the Fe 
deficient treatment had a significantly higher PS release in comparison to the seedlings exposed 
to Fe sufficient treatment. Results suggested that Fe deficiency induced PS release and V 
induced PS release both occurred at the same time when the nutrient solutions had Fe deficient 
conditions. However, PS-mediated Fe acquisition improved Fe uptake in the presence of V and 
thereby provided an advantage under V stress relative to Fe acquisition via known pathways. 
Thus, Fe acquisition by PS appeared to contribute to V tolerance in wheat. The physiological 
mechanisms of the higher Fe translocation by V remains to be confirmed. 
9.1.3 How does vanadium affect nodulation and tissue nitrogen dynamics in common 
bean? How does vanadium (V) affect uptake and translocation of other nutrients in wheat 
and common bean?  
 
The third objective of this study was to investigate how vanadium affects nodule number, 
nodule initiation time, tissue nitrogen concentration and biomass in legumes.  This objective 
was fulfilled by analysing the results obtained in Experiment 4 and results discussed in Chapter 
7. The study was designed to test the effect of V (25 µM and 100 µM) on nodule initiation 
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time,  nodule number and tissue nitrogen dynamics in common bean (Phaseolus vulgaris L.) 
and V and rhizobia effects on host-legume biomass, flower initiation time and flower number 
in bean using bean and Rhizobium leguminosarum biovar phaseoli (strain CC 511) symbiosis. 
For the first time in the literature, it was shown that V is detrimental to the legume-rhizobium 
symbiosis using bean and Rhizobium leguminosarum biovar phaseoli (strain CC115) in bean 
symbiosis with rhizobia in bean root nodules. Vanadium increased the time to initiation of the 
first nodule, the total number of mature nodules and the % of active nodules. Vanadium was 
detrimental to rhizobia associated enhancement of root tissue N concentration in bean and the 
effect increased as the solution V concentration increased from 25 µM to 100.  The study 
demonstrated that rhizobial inoculation increased the toxicity of V to legumes by increasing 
both V uptake in roots and translocation to the shoots which could result in biomagnification 
of V along food chains. Plant traits affected by V bean appeared to be associated with the 
reduction of lateral root density and root hair density in bean, possibly decreasing the potential 
number of sites for root infection by rhizobia and, thus, nodule formation. Further 
investigations are required to confirm the mechanisms of V toxicity in the legume-rhizobia 
symbiosis.  
9.1.4. How does speciation of vanadate [V (V)] changes during uptake into roots?  
          
          The fourth objective of this study was to determine how speciation of vanadate [V(V)] changes 
during uptake and translocation. This objective was fulfilled by the experimental work done in 
Experiment 5 and results discussed in Chapter 8. The study used synchrotron-based X-ray 
Absorption Spectroscopy (XAS) to investigate how speciation of V(V) and V(IV) changes 
during uptake into roots, how the Ca concentration in the nutrient supply influences V 
speciation and subsequent V accumulation in wheat and common bean in situ, which had not 
been examined previously.  
 
Results demonstrated that V(V) was preferentially taken up by plant roots compared to V(IV), 
with V(V) also having a greater toxicity, particularly for the plant roots. Vanadium speciation 
within root tissue of the two plant species differed considerably, with all V(V) being reduced 
to V(IV) in common bean while the majority of the V was reduced to V(IV) in wheat although 
some remained as V(V) in this species. The majority of V (IV) occurred as uncomplexed VO2+ 
while some V(IV) was bound to organic acids and antioxidants.  Given the lower toxicity of 
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V(IV) in comparison to V(V), reduction appeared to be an effective V(V) detoxification 
strategy used by both species. Changes in Ca concentration did not affect V speciation in the 
root tissue or excess Ca did not alleviate V(V) toxicity in either species confirming the findings 
of Experiment 4. Thus, as in comparison to hypothesis in the literature, the formation of a 
precipitate with CaVO3 was not the dominant mechanism that enabled V(V) tolerance 
differences between species even when plants had greater access to Ca. This study provides 
the first evidence for reducing agents and antioxidants playing a role in the detoxification, 
immobilisation and aerial transfer of V species in common bean. The next stage for 
understanding changes in V speciation during uptake and translocation is to investigate sub-
cellular localisation of V species. 
 
9.1 Conclusions 
 
Following conclusions can be drawn from this study that evaluated V phytotoxicity 
mechanisms in wheat and common bean. 
 Species vary greatly in their V toxicity tolerance response. Thus, common bean was 
more sensitive to solution and tissue V than wheat. Iron acquisition aided by V induced 
phytosiderophore exudation could at least partly contribute to V tolerance in wheat. 
 Vanadium toxicity response in plants is somewhat related to plant’s ability to utilise Fe 
in the substrate. In fact, 100 µM V treatment, under Fe sufficient conditions, enhanced 
tissue Fe nutrition and tissue biomass production in wheat due reasons that were not 
clear.  
 Vanadate in solution increased root phytosiderophore release under both Fe deficient 
and Fe sufficient conditions in wheat which is a member of the family Poaceae.  This 
phenomenon provided an added advantage to wheat seedlings to acquire Fe under Fe 
deficient conditions using root exudation of phytosiderophores. The physiological 
mechanisms of the higher Fe translocation induced by V remains to be confirmed. 
 Vanadium did not interact significantly with either solution or tissue Ca, Mg or P during 
uptake and translocation.   
 For the first time in the literature, it was shown that V is detrimental to the legume-
rhizobium symbiosis using common bean and Rhizobium leguminosarum biovar 
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phaseoli (strain CC115) in common bean root nodules. It can be concluded that 
rhizobial inoculation increased the toxicity of V to legumes by increasing both V uptake 
in roots and translocation to the roots which could result in biomagnification of V along 
food chains. 
 Changes in Ca concentration in solution did not affect V speciation in the root tissue of 
wheat and common bean or excess Ca did not alleviate V(V) toxicity in either species. 
Formation of a precipitate with CaVO3 was not the dominant mechanism that enabled 
V(V) tolerance differences between species even when plants had greater access to Ca. 
 Vanadium (V) is preferentially taken up by plant roots compared to V(IV), with V(V) 
also having a greater toxicity particularly in plant roots.  
 Vanadium speciation within root tissue of the two plant species differed considerably, 
with all V(V) being reduced to V(IV) in common bean while majority of the V was also 
reduced to V(IV) in wheat although some remained as V(V). 
 In plant root tissue, majority of V (IV) occurs as uncompleted VO2+ while some V(IV) 
is found bound to organic acids and antioxidants.  
 This study provides first time evidence for reducing agents and antioxidants playing a 
role in the detoxification, immobilisation and aerial transfer of V species in common 
bean 
 
9.2 Future research directions 
 
It is recommended that future research be undertaken in the following areas to improve and 
extend the findings of this thesis.  
 
 Determining the physiological mechanisms behind V induced phytosiderophore release 
in wheat 
 Testing if rhizobial inoculation could result in biomagnification of V along food chains 
 Testing if wheat roots exclude V in the root mucilage as a tolerance mechanism 
 Testing if V does has poor phloem redistribution to protect young growing tissue from 
V toxicity 
 To test if oligomeric vanadate species are more toxic to plants than monomeric vanadate 
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 To further study the role of common organic acids and antioxidants in the reduction of 
vandate in plant roots 
 To identify the fate of uncomplexed VO2+ in plants roots. Such work needs to consider  
understanding subcellular localisation of V data which would then provide a better 
understanding of V toxicity  mechanisms in plants 
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Appendix 1. Normalised V K-edge XANES spectra for a V(V) standard and a V(IV) standard. 
The vertical lines correspond to the two energy values used for the beam damage study. At 
5468.6 eV (solid line) a change from V(V) to V(IV) would be associated with a decrease in 
fluorescence intensity, while at 5484 eV (dotted line) a change from V(V) to V(IV) would be 
associated with an increase in fluorescence intensity. 
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Appendix 2.  Normalised V K- edge XANES spectra for V(IV) and V(V) reference 
compounds. 
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Appendix 3. Normalised V K-edge XANES spectra for wheat (Triticum aestivum L.) and 
common bean (Phaseolus vulgaris L) root tissue samples exposed to 350 µM V(V) and three 
different Ca concentrations, 400, 1800, and 3200 µM Ca in nutrient solution for 7 d. 
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Appendix 4. Normalised V K- edge XANES spectra for common bean (Phaseolus vulgaris L.) 
root samples exposed to 350 µM V(V) and three Ca concentrations, 400, 1800 and 3200 µM 
Ca in the nutrient solution for 7 d. The horizontal grey lines represent a value of 1 for each of 
the normalized spectra, while the vertical grey lines represent white-line peaks of V(IV) (solid 
line) and V(V) (dotted line) standards.  
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Appendix 5. Normalised V K- edge XANES spectra for common bean (Phaseolus vulgaris L) 
and wheat (Triticum aestivum L.) root tissue exposed to 350 µM V(V) and 1800 µM of Ca in 
the nutrient solution for 7 d. The horizontal grey lines represent a value of 1 for each of the 
normalized spectra, while the vertical grey lines represent white-line peaks of V(IV) (5,483 
eV) (solid line) and V(V) (5,488 eV) (dotted line) standards.  
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Appendix 6. Linear combination fitting results for wheat (Triticum aestivum L.) (a) and 
common bean (Phaseolus vulgaris L.) (b) root tissue exposed to 350 µM V(V) and 1800 µM 
of Ca in the nutrient solution for 7 d. 
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